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ABSTRACT
Large segments of the arctic coastline are fringed
with sedimentary plains of unconsolidated sediments that
are bonded only by frozen interstitial pore waters.

Despite

low annual wave energy levels, tundra cliffs on these coasts
are undergoing intensive erosion and are generally retreat
ing at rates greater than 1 m/yr, with local retreat com
monly greater than 10 m/yr.

The primary study area for

the examination of cliff erosion processes presented herein
is the North Slope of Alaska, particularly the Barrow-Peard
Bay region.
The exceptionally high retreat is attributed to two
factors.
ments.

The first is the high ice content of arctic sedi

Periglacial processes tend to concentrate ice in

the surface layers on the tundra, both in the form of excess
pore ice and ice wedges.

When these ice-rich sediments

are eroded, much of the volumetric erosion actually consists
of ice, which does not contribute to the nearshore sediment
budget.

In order to erode a given volume of sediment (con

trolled by the longshore power gradients), a greater volume
of the cliff material must be eroded, resulting in a higher
retreat rate.

Cliffs in Elson Lagoon east of Barrow, which

xi i i

contain 92% to 109% excess ice by volume (Sellman et al.,
1975), are retreating at rates 100% to 600% higher than
retreat rates expected for saturated or undersaturated sedi
ments.

The second factor contributing to high retreat rates

is thaw subsidence associated with thawing at depth of underconsolidated Pleistocene and early Holocene sediments.
This subsidence results in an increase of water depths in
the nearshore area, which can then serve as a convenient
sediment sink.

The process effectively prohibits the de

velopment of protective erosional platforms.
Because ice contents are highest near the surface and
decrease with depth, low cliffs (e.g., the Beaufort Sea
coast) are ice-rich and retreat at disproportionately high
rates relative to high cliffs.

Ground ice slumps and thermo-

erosional falls are the dominant mass-wasting processes
on these cliffs.

Ground ice slumps may occur on any cliff

with high ice content, regardless of the cliff height, but
geotechnical considerations indicate that on the North Slope
thermo-erosional falls are limited to cliffs less than 6
m high.
High cliffs (e.g., the Chukchi Sea coast) have rela
tively low ice contents (ice-poor), retreat slowly (<1 m/
yr), and are dominated by debris sliding and surface wash
erosion.

At one cliff site, surface wash contributed 8-

29% and debris sliding 69-89% of the cliff erosion.

The

relative contribution of surface wash erosion increases
as the retreat rate decreases.
xiv

Evaluation of sediment

geotechnical properties and of thaw rates suggests that
the rate of retreat for these high ice-poor cliffs may be
limited by subaerial thaw rates.
Differences between Beaufort and Chukchi Sea coasts
are due primarily to the topographic effects.

That is,

low cliffs on the Beaufort coast retreat faster than those
on the Chukchi coast because of the relatively high ice
content of lower cliffs.

The topographic effect also causes

differences in mass-wasting processes between the two
coasts.

Gross morphology of the two coasts can be partially

explained in terms of thaw subsidence.

On the Chukchi

coast, thaw subsidence is limited because of the proximity
of bedrock to the surface and consequently the coast is
stable, as evidenced by extensive barrier island develop
ment.

On the Beaufort Sea coast, thick outwash deposits

are subject to considerable thaw subsidence with the result
that the coast is rapidly retreating.
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INTRODUCTION
As the world's natural resources become increasingly
scarce, development and exploitation of Arctic regions can
be expected to increase accordingly.

This development is

most notable in coastal regions that serve as natural dis
tribution corridors and support bases.

Unique problems

associated with development of Arctic coastal zones include
the distribution and engineering properties of offshore
permafrost, the thermo-erosional susceptibility of sediments
and rapid coastline retreat, the heat exchange between the
ocean and permafrost, and the potential impact of beach
sediments used as a construction material.
The physical processes contributing to tundra cliff
erosion relate directly or indirectly to all of these prob
lems.

Heat exchange processes are partially responsible

for causing high erosion rates, which in turn influence
the distribution and properties of offshore permafrost.
Knowledge of rates and paths of sediment movement, which
are directly related to erosion rates, will influence deci
sions concerning the use of beach gravels for construction.
Because of the close association of tundra cliffs with these
important problems of Arctic research and the relatively
poor data base, further study was warranted.

1

This report
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is an attempt to summarize and add to the existing knowledge
of tundra cliff coasts.
Terminology
In this discussion, the term "tundra cliff coasts"
refers to coastlines where extensive exposures of uncon
solidated sediments are bonded by permanently frozen ground
ice.

An important aspect of cliff composition is that

sediments are unconsolidated except by frozen interstitial
pore waters.

Ice bonding results in high compressional

and cohesional strengths, but changes in temperature, par
ticularly above 0°C, result in marked changes in sediment
properties.

Thus, tundra cliffs may be affected by normal

physical processes occurring in temperate climates as well
as being highly susceptible to thermal disturbances.
In reference to the physical processes causing tundra
cliff retreat, some clarification of the terminology is
necessary.

The term thermo-erosion, which originated in

the Soviet literature, refers to the melting of ice (ground
ice or pore ice) and the mechanical removal of thawed sedi
ment.

The mechanical energy is supplied by turbulent cur

rents or waves.

The term thermo-abrasion, frequently used

in the Soviet literature (Grigor'yev, 1976; Are, 1972),
is essentially the same as thermo-erosion (Jahn, 1975, p.
113).

Are (1972) further distinguishes thermo-denudation

as the "destruction of cliffs under action of air thermal
energy and solar radiation."

References to permafrost will imply only ice-bonded
sediments except in the discussion of beach frost tables,
where special reference is made to dry permafrost and brine
saturated permafrost.
Geographical Distribution of Tundra Cliffs
The distribution of coasts subject to thermo-erosion
is shown in Figure 1.

Although some portions of these

thermally susceptible coasts consist of barrier islands
or other stable coastal landforms, the major portion is
comprised of eroding tundra cliffs.

Included are 4,800

km of the Soviet Arctic coast (Are, 1972), 1,000 km of the
Alaskan Arctic coast (Lewellen, 1977), and a 1,600-km sec
tion of the western Yukon coast (Mackay, 1963).

The dis

tribution corresponds closely to the distribution of sedi
mentary coastal plains in the Arctic (McGill, 1958).

The

total length of coastline subject to thermo-erosion exceeds
7,000 km.
Characteristic Retreat Rates
Rates of cliff retreat on tundra coasts are character
istically high.

On the former Semyenovsky Island, USSR,

a maximum retreat of 55 m/yr occurred over a 2-year period
(Gakkel, 1958). The disappearance of other islands in the
Soviet Arctic is well documented by Barr (1976).

Elsewhere

in the Soviet Arctic, maximum rates usually range from 15
to 20 m/yr and mean rates are about 1 to 5 m/yr (Table 1).
Rates of retreat in the Alaskan Arctic are, in general

NORTH
POLE

CHUKCHI
SEA
\ Y \

B E AU

FORT

fev-

*

o.

Contiguous permafrost limit
lllillfj Thormally suscoptiblo coasts

Figure 1. The geographical distribution of
tundra cliff coasts that are subject to
thermal erosion. (After Are, in press;
Lewellen, 1977; Mackay, 1963.)
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Table 1
TUNDRA CLIFF RETREAT RATES
Geographic
Area

Maxima
(m/yr)

Source

Mean
(m/yr)

Soviet Arctic
Semyenovsky Is.
Semyenovsky Is.
Mostakh Is.
Yakutia Coast
Yakutia Coast
E. Siberia

55*
18
15-20
20

20
—
10-12
5
4

Gakkel, 1958
Are, in press
Grigor'yev, 1976
Grigor'yev, 1976
Tolstov, 1962
Klyuyev, 1965

Alaskan Arctic
W. of Prudhoe Bay
Oliktok Point

3

Barrow to Peard Bay
South of Barrow
Barrow to Demar
cation Point
South of Barrow

1.5

0.27
2.2

Barnes et al., 1977
Dygas & Burrell,
1976
See Appendix A
Hume et al., 1972

20.5

3.0
0.25

Lewellen, 1977
MacCarthy, 1953

1- 2
1.4

Canadian Arctic
Tent Is., Yukon T.
Garry Is., N.W.T.
Yukon Territory
Yukon Territory
Tuktoyaktuk P.**
Alaskan Border to
MacKenzie R.
Delta
Tuktoyaktuk P.**

27
7.3

15
2.3

5
5- 8
2
6- 9

1
—

Gill, 1972
Kerfoot & Mackay,
1972
Lewis & Forbes,
1974
Mackay, 1963
Mackay, 1971
McDonald & Lewis,
1973
Rampton & Mackay,
1971

^Measured over a 2-year period
**Same area but different time intervals
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less than those reported for the Soviet Arctic cliffs.
Lewellen (1977) documents long-term cliff retreat along
much of the Alaskan Beaufort Sea coast and notes a maximum
long-term retreat rate of 20.5 m/yr and a mean of 2.7 m/yr.
The area between Smith and Harrison Bays contains this
maximum and is the most rapidly retreating section of coast
(mean retreat 9.3 m/yr).

Other reports indicate similarly

high retreat rates (Table 1), although along the Chukchi
Sea coast from Barrow to Peard Bay a mean retreat rate of
0.31 m/yr was computed (see Appendix A).
The trend of decreasing erosion rates to the east along
the Alaskan Beaufort Sea coast continues along the Yukon
coast, where erosion averages about 1 m/yr.

High retreat

rates, greater than 5 m/yr, occur in the ice-rich sediments
on the Tuktoyatuk Peninsula (Table 1).
Statement of the Problem and Objectives
Rapid tundra cliff retreat is occurring over extensive
segments of arctic coastlines despite low wave energy levels
(Fig. 1, Table 1).

Yet, to date the underlying causes of

this rapid cliff retreat are uncertain and there is little
information on how this rapid cliff retreat interacts with
the nearshore sediment budget.

The effects of permafrost,

which obviously play an important role in the erosional
process, are also uncertain.

The purpose of this study

is to further delineate the controlling processes of tundra
cliff erosion.
Specific objectives of the study include:

7

(1)

Determination of the primary causes of the wide
spread and rapid coastal retreat (i.e., why the
tundra cliff system is in disequilibrium with
natural processes)

(2)

Determination of seasonal variation of retreat
rates and erosional processes

(3)

Determination of the relation of these processes
to seasonal variation of thaw and surface heat
fluxes

(4)

Assessment of the direct and indirect effects
of permafrost on coastal retreat,i.e., how the
presence of permafrost contributes to (or pro
hibits) shoreline retreat

(5)

Development of a tundra cliff sediment budget
to assess the contribution of subaerial processes
and paths of sediment movement

(6)

Evaluation of seawater effects on the thermal
degradation of permafrost and the subsequent in
fluence on tundra cliff erosion

In answering these objectives, the remainder of the
report is divided into three major sections.

These are

(1) the geological aspects of processes affecting tundra
cliff retreat, (2) the thermal aspects of cliff retreat,
and (3) an integration of results from the first two sec
tions.

In the geologic section, several scales of field

studies are used to define the important mass-wasting pro
cesses of tundra cliffs, to classify major cliff types

8

in terms of retreat rate, cliff form, and mass-wasting
process, and to estimate the sediment budget of a tundra
cliff coastal system.

The thermal section considers the

influence of thaw rates and heat budgets on the physical
processes.

In the discussion of results, interaction be

tween thermal and geological processes is considered, and
explanations as to the primary causes of the rapid cliff
retreat are offered.

GEOLOGIC, GEOMORPHIC, AND GEOTECHNICAL
CONSIDERATIONS
This section presents results concerning geological,
geomorphic, and geotechnical investigations associated with
tundra cliffs.
and include:

Three scales of investigation are examined

(1) the North Slope of Alaska and the asso

ciated distribution of coastal cliff mass-wasting processes,
(2) the Barrow-Peard Bay area, at the northwestern corner
of the Slope, where characteristics of cliff form and de
tailed estimates of long-term coastal retreat were measured,
and (3) Papigak Cliffs, where detailed measurements were
made of cliff form, geologic sections, mass-wasting pro
cesses, and fluvial runoff.
total sediment budgets.

The latter are used to estimate

In addition, geotechnical models

are formulated to explain the distribution of mass-wasting
processes on coastal tundra cliffs.

Methods and data sum

maries are included in the appendices.
The North Slope
Although the North Slope of Alaska served as the pri
mary region of investigation, many of the geologic and geo
morphic characteristics of this area are similar to those
of the Soviet and Canadian Coastal Plain Provinces.

9

There
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fore, the ideas and conclusions presented in this discussion
can be extrapolated with a high degree of probability to
other sections of tundra cliff coasts.
Geomorphic and Geologic Description
The North Slope is a broad, featureless plain roughly
triangular in shape, bordered by the Beaufort Sea to the
north, the Brooks Range to the south, and the Chukchi Sea
to the northwest (Fig. 2).

The region is comprised of three

physiographic provinces: the Alaskan Arctic Coastal Plain,
the Arctic Foothills, and the Arctic Mountains.

Surficial

sediments are primarily unconsolidated Quaternary silts,
sands, and gravels and are 10-40 m thick.

Underlying these

Quaternary deposits and outcropping along the extreme south
western and eastern portions of the Slope are consolidated
Mesozoic sediments.

Because of the low mean annual tem

perature (Barrow, -12.6 C), the entire slope is underlain
by continuous permafrost, with the exception of localized
thaw bulbs, which are present under the larger thaw lakes.
A more complete description of the geology and morphology
is provided by Black (1964, 1969), O'Sullivan (1961), and
Walker (1973).
Coastal Cliffs and Mass-Wasting Processes
The total length of the North Slope coastline is 2,156
km (Hartwell, 1973), of which 70% (1,505 km) is cliffed
coast of greater than 2 m relief (Hartwell, 1973).

Recon

naissance overflights and observations of cliffs that were
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Figure 2. The North Slope of Alaska. Kasegaluk Lagoon
is the long, narrow lagoon between Wainwright and Point
Lay (top).

made along the coast from Cape Lisburne to Demarcation
Point

provide the basis for the classification of dominant

cliff mass-wasting processes.
Although numerous qualitative investigations have
examined periglacial mass-wasting processes, very little
quantitative information is available, particularly with
reference to coastal cliffs.

On the basis of the recon

naissance overflights of the Alaskan Arctic coast,and after
review of existing literature, four mass-wasting processes
have been identified as contributing significantly to
coastal tundra cliff retreat (Fig. 3).

They include (1)

surface wash, the downslope sediment transport caused by
snow melt and summer.rain runoff; (2) ground ice slumping,
the melting of excess ground ice in high ice content areas
(Mackay, 1966); (3) debris sliding, the failure of a surficial thawed layer due to oversteepening at the cliff base;
and (4) thermo-erosional falls, the melting and mechanical
removal of material at the cliff base and the subsequent
collapse of large frozen blocks.

Solifluction is not judged

to be a significant process in causing coastal cliff re
treat.
(1) Surface wash.

Surface wash occurs on any slope

where snow accumulates during the winter and melts in the
spring.

Sediment is transported downslope by sheet wash

or rill wash and is deposited on the beach at the cliff
base (Fig. 4).

Surface wash has received very little atten

tion from Arctic researchers, yet the relative effects of

(b) GROUND ICE SLUMPS
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Figure 3. Dominant mass-wasting processes on coastal
tundra cliffs.

Figure 4. Surface wash deposits on the beach
as seen from the cliff edge, about 17 m above
sea level. The large kettle hole is 3 m wide.
(Photo by E. H. Owens.)

Figure 5. Aerial photograph of ground ice
slumps near Cape Beaufort, Alaska. (Photo
by E. H. Owens.)

slope wash may actually be greater in periglacial regions
than in temperate regions because (a) the presence of per
mafrost limits infiltration, (b) runoff is concentrated
during a very short summer season, and (c) the process may
be accentuated by melting of pore or ground ice (French,
1976).

Rates of surface wash erosion in Spitsbergen have

been estimated at 1-18 g/m /yr, corresponding to denudation
rates of 1 mm per 150-170 years (Jahn, 1961).

Measurements

of surface wash on the low slopes (5°) of Banks Island
o
(Canada) indicate rates ranging from 1.0 to 10.0 g/m /yr
(Lewkowicz et al., 1978).

Measurements on coastal cliffs

show surface wash erosion up to 51,000 g/m2/yr (Appendix
D).

(2) Ground Ice slumps.

The distribution of ground

ice slumps is limited to areas of high ice contents, usually
greater than 200%.

Slumps are usually bowl-shaped (Fig.

5), have a steep headwall scarp on the upslope side, and
are characterized by a flat floor that is mantled by fluid
mud material (Mackay, 1966).

These slumps have also been

referred to as bimodal flows (McRoberts and Morgenstern,
1974a), mudslumps and mudflows (Kerfoot and Mackay, 1972),
retrogressive-thaw-flowslides (French, 1974); and thermocirques (Czudek and Demek, 1970).

Slumping is frequently

initiated by wave erosion at the base of a slope.

Exposure

of ground ice to direct solar radiation results in melting
and in the formation of an active headwall scarp.

The

scarp retreats upslope by thermal and mechanical erosion

Figure 6. A modified ground
ice slump in Elson Lagoon,
near Barrow, Alaska.

on the face with some sediment falling and sliding from
the active layer above (Mackay, 1966; McRoberts and Morgenstern, 1974a).

The scarp continues to migrate upslope

until (a) the slope decreases below a critical angle, (b)
the ice content decreases, or (c) the scarp becomes covered
with slump material (Mackay, 1966).

Ground ice slumps along

the Beaufort Sea coast of Alaska are only immaturely de
veloped because of the low coastal gradient and because
the tundra soil horizon acts as an insulating blanket as
the cliff melts back (Fig. 6).
Mackay (1966) has shown theoretically that very little
material is removed by runoff if the ice content is above
a critical value, 200-300%.

This occurs because compaction,

which accompanies;thawing, accommodates most of the slumped
sediment.

Where ground ice content falls below this criti

cal value, material may be carried off by fluid mud streams
or mudflows.

Polycyclic slumps may occur when oversteep-

ening at the toe continues as a result of coastal erosion.
Where ground ice slumping is extensive, a flat terrace is
formed (termed a thermo-terrace by Ar£, 1972), floored by
slump debris and bordered by a headwall scarp on the land
ward side.
Rates of retreat of ground ice slumps range from 3
to 9 m/yr (Mackay, 1966; Rampton and Mackay, 1971; French,
1974; Miles, 1976; Heginbottom, 1978).

Mackay (1966) has

noted slumps in the Mackenzie River Delta which have been
active for decades, and French (1974) suggests a maximum

slump lifetime of 30 to 50 summers.
Ground ice slumping has been noted as a significant
process contributing to coastal retreat in much of the
Canadian Arctic (Mackay, 1966; Kerfoot and Mackay, 1972;
MacDonald and Lewis, 1973; Lewis and Forbes, 1974).

Recon

naissance observations indicate that ground ice slumping
is also common in the Cape Beaufort area of the Alaskan
Arctic Coastal Plain (Fig. 5).
(3) Debris sliding.

The third mass-wasting process

important in the erosion of tundra cliffs is debris sliding
(Fig.

7).

The debris sliding described here occurs on

a small scale relative to that described by Sharpe (1938),
but meets the basic criteria of "a mass movement by regolith
which disintegrates substantially during movement" (Young,
1972, p. 75).

Debris sliding on tundra cliffs is initiated

by oversteepening at the toe by direct wave erosion with
subsequent avalanching of the thawed regolith material
(McCarthy, 1953).

Even in relatively clay-rich sediments,

drying and dessication result in a nearly cohesionless
material, such that movement takes place essentially as
discrete particles (Ritchie and Walker, 1964).

The process

closely resembles that of avalanching sand grains moving
down the oversteepened slip face of a dune.
Similar type movements, although usually associated
with saturated sediments, are alternatively referred to
as shallow slides (Skempton, 1964; Carson and Kirkby,
1972), skin flows (McRoberts and Morgenstern, 1974a), and
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active layer glides (Mackay and Matthews, 1973).

Jahn

(1975, p. 116) describes a special case called "permafrost
exfoliation," in which failure occurs in small sheets as
oversteepened banks thaw.

Skempton (1964) deals with the

geotechnical aspects of these movements in temperate re
gions, whereas McRoberts and Morgenstern (1974a) consider
the unique mechanics of shallow-depth movements associated
with permafrost areas.

These analyses are largely concerned

with failure criteria and do not address the denudational
aspects of debris avalanches.
The geographical distribution of debris slides along
tundra cliff coasts is unknown.

Locally, debris slides

have been noted along the Alaskan Chukchi Sea coast
(McCarthy, 1953) and along portions of the Canadian Yukon
coast (MacDonald and Lewis, 1973).
(4) Thermo-erosional falls.

A uniquely Arctic mass-

wasting process associated with coastal tundra cliff erosion
is that of thermo-erosional falls (Fig. 8).

The process

is initiated by thermal and mechanical erosion by waves
at the cliff base; subsequently a large niche develops with
an overhanging block above (Fig. 9).

when the niche deepens

such that the weight of the overhanging block exceeds the
sediment strength, failure occurs and the block falls (Fig.
10).

The process is somewhat similar to rockfall mechanics,

hence the term "thermo-erosional fall."

This terminology

differs slightly from that in Walker and Arnborg's work
(1966), in which the authors informally refer to the process

Figure 7. Debris slide on the Chukchi Sea
coast north of Peard Bay, Alaska. Cliff
height is 14 m.

Figure 8. Beaufort Sea coast of Alaska
showing numerous thermo-erosional falls
along tundra cliffs. (Photo by E. H.
Owens.)
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Figure 9. Thermo-erosional niche near Cape
Simpson, on the Beaufort Sea coast. Cliff
height about 3 m. (Photo by J. M. Coleman.)

Figure 10. Thermo-erosional niche near Cape
Simpson with several large thermo-erosional
falls evident in the background. (Photo by
J. M. Coleman.)

as thermo-erosional niching and to the falls as collapse
blocks.

The proposed usage of thermo-erosional falls com

bines these terms and yet maintains both a descriptive and
a genetic connotation. That is, the "fall" portion of the
term is descriptive by analogy to rockfalls, and "thermoerosion" identifies the uniquely periglacial nature of the
process.
Walker and Arnborg (1966) borrowed the term "thermoerosional niche" from the Soviet literature (Gusev, 1952)
to describe riverbank erosion, but the process operating
along open coasts is essentially the same.

Thermo-erosional

niching involves undercutting at the cliff base by melting
of the interstitial pore ice and the subsequent removal
of thawed sediment.

At the coast, and even along protected

river sections, small waves may be sufficient to remove
sediment (Williams, 1952; Walker and Morgan, 1964).

The

resulting form is aptly termed a niche and may be up to
3 m in height and penetrate the cliff up to 20 m (Grigor'
yev, 1966), although more common dimensions are aim height
with 3-8 m penetration (Walker and Arnborg, 1966).

Later

ally the niches may extend for hundreds of meters (Leffingwell, 1919; Grigor'yev, 1966).
Rates of thermo-erosional niche formation are unknown.
Walker and Arnborg (1966) report that niches up to 8 m in
depth are formed during Colville River breakup over a 3week period,

but the authors concede that part of the niche

may have formed in previous years.

Their figures give a

maximum penetration rate of approximately 0.4 m/day.

Pene

tration rate is a function of the rate of heat exchange
between the permafrost and water and the mechanical energy
(or turbulence) available to remove sediment.

Penetration

of the niche may cease if (1) the water level is lowered
or if (2) the niche reaches an ice wedge paralleling the
shore (Walker and Arnborg, 1966; Lewellen, 1970).

In the

former case, the niche may be sealed by material sloughing
off the cliff face (Walker and Arnborg, 1966) or may in
some cases be refilled with ice (Leffingwell, 1915) or
sediment (Grigor'yev, 1966).

The frequency of occurrence

of relict thermo-erosional niches is unknown because sealed
niches are not visible and unsealed niches are usually
assumed to be recent.

In the second case, when a niche

reaches an ice wedge, the weight of the overhanging block
exceeds the cohesional strength of the sediment and the
block falls (Walker and Arnborg, 1966).

Ice wedges are

planes of sediment weakness because they are coincident
with thermal contraction cracks (Leffingwell, 1915).

A

fall serves to prevent further niching and may maintain
its identity for several years after the failure (Grigor'
yev, 1966).

In fact, Dylik (1969) describes preservation

of a thermo-erosional fall in a Pleistocene geologic sec
tion from Poland.
Thermo-erosional falls are very common along much of
the Soviet Arctic coast (Grigor'yev, 1966) and appear to
be a major cause of coastal retreat along most of the
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Alaskan Beaufort Sea coast (Lewellen, 1970, 1977).

Along

the latter thermo-erosional falls are associated with ex
tremely high coastal retreat rates, averaging 2.7 m/yr for
the entire coast and over 9 m/yr for one 20-km coastal
section (Lewellen, 1977).
Geographic Distribution of
Mass-Wasting Processes
Consolidated Mesozoic rocks outcrop directly on the
coast between Cape Lisburne and the southern extremity of
Kasegaluk Lagoon.

Consequently, the coastal relief is high,

over 68% of the coastline is greater than 8 m (Hartwell,
1973) with maximum cliff heights approaching 300 m at Cape
Lisburne (Wiseman et al., 1973).

Morphologically the con

solidated cliffs are steepest; slopes on unconsolidated
material are inclined at about 30°.

Rockfalls are common

below consolidated cliffs, whereas three mass-wasting pro
cesses contribute to the unconsolidated tundra cliff degra
dation.

These are (1) surface wash, evidenced by the runoff

deposits at the cliff base, (2) debris avalanching and
sliding, and (3) ground ice slumps (Fig. 5).

The latter

features are the most prominent, occurring along 13 km (15%)
of the 82-km coast, and resembling ground ice slumps of
the Mackenzie Delta area (Mackay, 1966).

Although no ground

observations of these features were made, the similarity
of morphology to ground ice slumps suggests that they are
of the same origin.
To the north, the tundra bluffs on the mainland shore

of Kasegaluk Lagoon are generally less than 3 m high (12
m maximum heights; Wiseman et al., 1973), and many are
covered by vegetation.

Dominant mass-wasting processes

are surface wash and the debris sliding that accompanies
storm wave activity.

On vegetated stable slopes, soil creep

and solifluction may be important, though no field meas
urements were made.
A short section of cliffs, ranging from 2 to 8 m in
height, extends from the northern terminus of Kasegaluk
Lagoon to Peard Bay.

Slope angles on these cliffs are low

(<20°) and the dissected form indicates degradation pri
marily by surface wash.

Wide beaches apparently afford

protection from wave activity except during severe storms.
A detailed discussion of the Peard Bay-Barrow area
will be presented later.

In brief, cliffs on the Chukchi

coast are high (>10 m) and are dominated by surface wash
and debris avalanching, whereas low cliffs (heights less
than 5 m) in Peard Bay and east of Barrow are dominated
by ground ice slumping and thermo-erosional falls.
Coastal tundra cliffs from Barrow to Demarcation Point
are overall quite uniform.

Despite the fact that they are

sheltered by offshore barrier islands, almost all are re
treating at rates greater than 1 m/yr (Table 1), with lo
calized long-term retreat greater than 20 m/yr (Lewellen,
1977).

The vast majority of these coastal tundra cliffs

are on the order of 1 to 3 m high; only the highest bluffs
approach 6 m (Wiseman et al., 1973).

Exceptions occur at

the eastern end of the Coastal Plain Province, where cliff
heights range from 7 to 9 m.

Thermo-erosional falls are

common along the entire cliffed coastline (Fig.

8), and

where they are absent a modified ground ice slumping con
tributes to cliff retreat.

The large, bowl-like form nor

mally associated with ground ice slumps (Mackay, 1966) does
not develop on these low Beaufort Sea Coast cliffs (Fig.
6).

Generally, the areas of the most rapid cliff retreat

coincide with areas of thermo-erosional falls.

The coast

line retreat rates are so high that surface wash, which
undoubtedly occurs, actually contributes very little to
the total sediment loss.
The Barrow-Peard Bay Region
The Barrow-Peard Bay area lies at the northwestern
section of the Alaskan Arctic Coastal Plain.

Relief is

low, and the tundra surface has one of the highest thaw
lake densities of the coastal plain (Sellmann et al., 1975).
Local Geology
As mentioned previously, the upper 10 to 30 m of sedi
ments are unconsolidated Quaternary silts, sands, and gra
vels which comprise the Gubik Formation (Black, 1964).
In this area the Gubik lies above a stiff Cretaceous clay
and a consolidated Cretaceous sandstone.

The Cretaceous

is below sea level at Barrow, but sandstone outcrops in
the lower 1 to 2 m of cliffs near Peard Bay.

The oldest

unit of the Gubik, the Skull Cliff Unit (Black, 1964), is
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a marine silt that was deposited in a somewhat protected
environment (Sellmann and Brown, 1973; Hopkins and Petrov,
1976).

Overlying this is the Barrow Unit, a sandy fossil-

iferous shallow-water marine facies (Sellmann and Brown,
1973).

Black (1964) has also included the upper 1-4 m of

surficial thaw lake deposits in the Barrow Unit, but Hopkins
and Petrov (1976) believe it should be excluded.
Some controversy exists as to the age of these depos
its.

Black (1964) suggested a pre-Illinoian origin of the

Skull Cliff, and Sellmann and Brown (1973) assign the Barrow
Unit to a mid-Wisconsin transgression at 35,000 B.P.

This

stratigraphic relationship suggests local uplift of 8 m
over the last 25,000 years (Sellmann and Brown, 1973).
Coastal Characteristics
The"75-km coastline from Barrow to Peard Bay is backed
by over 62 km of cliffs (Pig. 11).

Maximum coastal cliff

heights are greater than 18 m with nearly all cliffs over
10 m.

Measurements from aerial photographs over a 27-year

interval indicate that this coast is relatively stable,
with a mean retreat rate of 0.31 m/yr (-0.06 m/yr, 95%
confidence interval, Appendix A).

The Barrow area is the

most stable section with a mean retreat of 0.06 m/yr (Fig.
11), contrary to previously reported high retreat rates
(Hume et al., 1972).

This discrepancy may be a result of

the extreme temporal variations of coastal erosion.

Along

the remainder of the coast, retreat rates are uniform,
averaging about 0.4 m/yr.

Knowledge of cliff heights com-
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Figure 11. Five-kilometer averages of coastal erosion rates (m/yr) between Barrow
and Peard Bay.
to
00

bined with retreat estimates gives a mean annual volumetric
3

erosion rate of 3.7 m /m of shoreline or a net loss of 2.3
5 3
x 10 m /yr for the measured coastline section.
Results of Profile Program
Results of cliff profiling in the Barrow-Peard Bay
area suggest a link between morphology, dominant mass wast
ing processes, erosion rates, and, to some extent, local
lithology.

Detailed results, including survey methods,

are presented in Appendix B.
considered:

Four different areas are

(1) a section of low cliffs just east of

Barrow, (2) moderately high cliffs just south of Barrow,
(3) the high Skull Cliffs to the northeast of Peard Bay,
and (4) a section of low cliffs in Peard Bay (Figs. B-l,
B-4).

These cliffs are grouped into two major types (Table

2) .

The first type is the low (<3 in), rapidly retreating
(>1 m/yr) cliffs of Elson Lagoon and Peard Bay (Figs. 69).

Two of the five profiles in these areas, which were

resurveyed between 1976 and 1977, show cliff retreat of
about 2.0 m (i.e., a retreat rate of about 1 m/yr, Tables
B-l, B-2).

Plots show that three of the five resurveyed

profiles realized a net volumetric loss of over 6 m /m
shoreline.

Most of this loss is attributable to the com

bined contribution of wave erosion and mass-wasting pro
cesses, but two of the profiles (PB-3 and PB-4 in Peard
Bay) appear to have had volume losses as a result of
subsidence (see Fig. B-6).

It is interesting to note that

Table 2
AVERAGE CLIFF MORPHOMETRY
Geographic*
Area
East of Barrow
Peard Bay
Southwest of
Barrow
Skull Cliff
*See

Cliff
Height
(m)
2.9
3.3
5.5
14

Face
Width
(m)
5.1
6.2
12
20

Mean
Slope
(°)

Beach
Width
(m)

31
38

1
11

22
36

35
14

Figures B-1 and B-4 for exact location.

in the area of the other two Peard Bay profiles, which
showed little change, the consolidated Cretaceous sandstone
was very close to mean water level (based on observations
of float).

The implication is that the presence of the

sandstone limited the amount of subsidence that could occur
and hence limited erosion.

Ground ice slumps and thermo-

erosional falls are the dominant mass-wasting processes
on these low, rapidly retreating tundra cliffs.
The second major cliff type recognized in the BarrowPeard Bay area is the high (>5 m), ice-poor, slowly retreat
ing cliffs occurring along the Chukchi coast (Fig.

7).

Profile plots show no noticeable change between 1976 and
1977 (Appendix B), and long-term measurements indicate
retreat rates less than 0.5 m/yr (Appendix A).

Surface

wash and debris sliding are dominant mass-wasting processes.
Within this second group, other trends are apparent.

Cliffs

near Barrow have lower angle slopes than those near Peard
Bay (Table 2).

This appears to be a consequence of (a)

the lower coastal retreat in the Barrow area (<0.10 m/yr)
and (b) a relative dominance of surface wash.

To the

southwest, where coastline retreat rates are higher, debris
sliding assumes greater importance.

This is evidenced by

compound cliff profiles that are steeper at the base than
near the top.

Debris sliding dominates the lower portion

of the slope and surface wash the upper portion.

To some

extent lithology influences cliff form as the cohesiveness
of the Skull Cliff Unit results in

high vertical angles,

thus increasing basal slope angles.

The fine sand layer

capping the stratigraphic sequence in the Peard Bay area
weathers easily upon thawing and frequently forms a small
terracette at the top of the profile (Fig.

12).

Cliff form is not uniquely diagnostic of either domi
nant processes or erosion rates.

However, there is a clear

correlation of cliff height, mass wasting processes, and
erosion rates.

Cliff height indirectly controls mean cliff

ice content in that ice contents in permafrost sediments
characteristically decrease with depth.

Thus lower cliffs

are more likely to have excess ice contents and retreat
by ground ice slumping.

Theoretical considerations, dis

cussed later, indicate that thermo-erosional falls are also
more likely to occur in low cliffs.

Ultimately, erosion

rates are related to sediment budgets; but the high ice
content of low cliffs undoubtedly contributes to the higher
erosion rates.

This "ice content effect" on erosion rates

is quantitatively evaluated in the discussion of results.
On higher cliffs cliff form may be diagnostic of masswasting processes.

Cliff slopes less than 30° suggest that

surface wash is dominant and in the absence of ground ice
slumps or falls, higher angle slopes are indicative of
debris sliding.

Several factors may be contributing to

the relative stability of the Chukchi Sea cliffs, and these
will also be dealt with in later sections.

Papigak Cliffs
The primary area of investigation was located around
the Peard Bay DEW-line Station which served as the base
camp (Fig. 13).

Papigak Cliff was chosen as the detailed

cliff study site because of its proximity to camp.
Geologic Sections
Measured geologic sections at Papigak Cliffs are simi
lar to those reported by previous investigators (Black,
1964; Sellmann and Brown, 1973; Hopkins and Petrov, 1976).
The Skull Cliff Unit (3.5 m) and the Barrow Unit (8 m) are
present, as well as 2 m of fine sand above the Barrow,
tentatively interpreted as eolian.

The entire sequence

is capped with a 0.5 to 1 m tundra soil horizon.

The de

tailed section in relation to profile form is shown in
Figure E-l.
Geomorphic Description
In cross-sectional profile, a slight terrace is evident
at about the 3-m elevation and is probably coincident with
the top of the Skull Cliff Unit (Fig. 14).

High slope

angles are evident below this terrace and reflect the high
cohesional strength of the Skull Cliff Unit.

High slope

angles are also apparent near the cliff top and result from
the cohesive nature of the tundra soil horizon.

Although

the lithology affects cross-sectional profile form, the
most striking characteristic of the cliffs is the typical
"sawtoothed" longitudinal profile caused by the preferential

Figure 12. Aerial photograph of Skull Cliff
showing the characteristic sawtoothed form
caused by preferential melting of ice wedges
(baydjarakhs).
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Figure 13. Location map of the Peard Bay study area indicating
the location of the main study site (Papigak Cliffs) and the
heat budget site (the small circle to the southeast of camp).
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Figure 14. Three-dimensional illustration of Papigak Cliff with 1976 and 1977
profile lines.

melting and erosion of ice wedges (Figs. 12, 14).

These

"horns" and "hollows" are characteristic of most of the
Chukchi coast.
Slope angles at the study site ranged from 10° to 75°.
The mean slope of the horns was 41°, whereas the mean in
clination at the hollows was 31° (Table B-4).

The differ

ence in slope angles is partially a reflection of the con
centration of surface wash in the hollows and debris avalanching on the horns.

Hollow development is analogous

to a positive feedback system in that the larger the hollows
are, the more snow they store and the greater the amount
of material lost by surface wash.
Geotechnical Observations
Measurements of Atterberg Limits confirm that the Skull
Cliff Unit is relatively strong in the thawed state.

The

liquid limit of the Skull Cliff Unit is 51, and the plastic
limit is 26.

Liquid limits of the Barrow Unit range between

26 and 32, while the plastic limit is about 25.

Soil mois

ture contents (or ice content), measured before spring thaw,
were about 25, indicating that very little additional mois
ture was necessary to exceed the liquid limit of the Barrow
Unit.

This was especially true in the hollows, where small

mudflows formed as a result of concentrated runoff.

Fol

lowing snow melt, surface sediments gradually dried and
became well cracked to depths of 20 to 30 cm (Fig. 15).
As cracking developed, the effective cohesional strength
of the thawed layer decreased, as evidenced by minor amounts

Figure 15. Lower section of
Papigak Cliffs. The cracks
in the foreground resulted
from drying of the sediments.
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Figure 16. Papigak Cliff profile change between 1949
and 1976 based on aerial photograph measurements.
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of failure which occurred during thaw.
Results of Quantitative Measurements
Results of the quantitative measurements at Papigak
Cliffs indicate the relative contributions of mass-wasting
processes and fluvial processes to the total nearshore sedi
ment budget.

Comparison of the short-term and long-term

cliff changes illustrates the temporal variations that may
be expected of natural processes.
Long-term changes at the main study site are similar
to those occurring along the remainder of the Barrow-Peard
Bay Chukchi coast.

Between 1949 and 1976 the cliff base

retreated at 0.13 m/yr and the cliff top at 0.54 m/yr.
This retreat resulted in an increase of slope width from
8.3 m to 19.6 m (Fig. 16) and a decrease in slope angle
from 60° to 37°.

The cause of the increased slope width

is uncertain but may indicate (1) a relative increase in
the intensity of surface wash during a period of infrequent
storms, or (2) that the cliff edge reached a zone of high
ice wedge density with a corresponding anomalous retreat
of the cliff top.

Because the trend occurred along the

entire coast (Appendix A), the former mechanism is consid
ered the more likely.

The changes between 1949 and 1976

3
at Papigak Cliffs account for a net loss of 130 m /m or
an erosion rate of 4.9 m 3/yr/m of shoreline.
Short-term changes from 1976 to 1977 (Table B-5) varied
in both magnitudes and zones of erosion.

No measurable

retreat occurred at the cliff edge, whereas the base

realized an average retreat of 1.7 m (Fig. 14).
3

rically, 7.7 m /m of shoreline were lost.

Volumet-

Assuming freezeup

followed shortly after the September 1977 measurements,
3
then the 1-year average is 3.85 m yr/m of shoreline, about
75% of the long-term rate.

These figures give an estimate

of the amount of sediment loss necessary to satisfy demands
of the longshore power gradient.

Some of the sediment lost

is eroded directly by waves, but most of the sediment is
contributed indirectly by mass-wasting processes.

For this

reason it is of interest to examine the relative contri
bution of the mass-wasting processes to the total sediment
budget.
The relative contribution of surface wash erosion was
estimated by measuring volumes of wash material deposited
on the beach (Appendix D).

At two sites, surface wash

yielded between 0.4 and 1.4 m /m of shoreline and, as noted
in Appendix D, these estimates may be slightly conservative.
In terms of the long-term erosion, surface wash caused from
8 to 28% of the net sediment loss from the cliff.

The

remainder of lost material, that material not removed by
surface wash, was either eroded directly by wave action
or lost by debris avalanching.
Three streams in the Peard Bay area (Fig. 13) were
monitored for runoff and sediment discharge, and with the
use of several approximations (Appendix D) the local fluvial
contribution to the nearshore sediment budget was computed.
These three streams (45 km2 drainage basin) added 4.3 x

5
3
10 metric tons to the nearshore system or 332 m ,
3
a mean bulk density of 1.3 g/cm for the Gubik.

assuming

Over the

2.1-km shoreline to which the streams contribute, this
averaged out to 0.16 m /m of shoreline per year.

This

estimate is likely to be conservative because bedload was
neglected; however, the bedload contribution would not be
expected to increase this figure by more than 25%.
The total volumetric contribution to the nearshore
system is computed as the cliff erosion (long-term) plus
the fluvial erosion (Table 3) and amounts to 5.06 m /m of
shoreline in the Peard Bay region.

The cliff erosion com

prises 97% of the total and the fluvial erosion 3%.

Further

division allows estimates of the relative contribution of
surface wash, 8-28%, and of debris sliding, 69-89%, to the
total sediment budget.

Some minor losses may result from

wind erosion, slaking (Terzaghi and Peck, 1968), or direct
wave erosion.
Geotechnical Models
Thermo-Erosional Falls
One of the objectives of this study is to delineate
the distribution of controlling processes of tundra cliff
retreat.

Surface wash erosion occurs to some extent on

all cliffs but is significant only on those cliffs under
going low retreat rates, and ground ice slumping is limited
to areas of very high ice contents.

A problem arises in

defining the distribution of debris sliding and thermo-

Table 3
ANNUAL NEARSHORE SEDIMENT BUDGET
AT PAPIGAK CLIFF
Amount
Sediment Source

(m3/m Shoreline)

Surface wash
Debris avalanching
Eolian transport, slaking or
direct wave erosion
Cliff erosion
(long-term)
Fluvial Erosion
Total

(0.4-1.4)
(3.5-4.5)
?

(%)
(8-28)
(69-89)
?

4.9
0.16

97
_3

5.06

100
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erosional falls.

That is, what factors cause falls to

dominate one area and debris avalanching another.
Field studies indicate that thermo-erosional falls
are more common along low cliff coasts, whereas debris
sliding is characteristic of high cliff coasts.

In order

to test the hypothesis that the distribution of thermoerosional falls is primarily topographically controlled,
a theoretical model, based on the geotechnical properties
of permafrost sediments, is developed.

A basic premise

of this hypothesis is that, for higher cliffs, greater niche
penetration is necessary to initiate failure and that as
the critical niche depth increases, then the probability
of failure decreases.

This is because thermo-erosional

niches are only formed during comparatively short high water
stands and are normally limited to 8 to 10 m penetration
depths.
In developing such a model, vertical ice wedges must
be included in the geotechnical considerations.

Ice wedges

are extremely important because they are coincident with
thermal contraction cracks and, as such, are planes of low
sediment strength in an otherwise strong, rock-like mater
ial.

They essentially represent a macro-joint pattern in

the tundra surface.

A vertically faced cliff of height

z with ice wedges to a depth d is assumed (Fig. 17).

A

niche will penetrate the cliff face to a depth Nc, the point
of failure.

Failure occurs when the weight of the over

hanging block exceeds the sediment strength.

This strength

ICE WEDGE

+z+

ICE-BONDED
PERMAFROST

+

* = CENTER OF MASS

FORCE
DIAGRAM
-}>

Figure 17. (a) Schematic diagram of the
thermo-erosional fall model and (b) the
force diagram for rotational equilibrium
conditions.

X-

MOHR-COULOMB
FAILURE
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ktftH

N O R M A L STRESS -$•-

Figure 18. Mohr-Coulomb failure envelope
indicating the relationship of tensile
strength, afc, and cohesional strength, C.

may be considered either as a cohesional or tensional
strength, depending on the appropriate assumptions.
If the cohesional strength model is assumed, the prob
lem becomes a simple shear failure situation.

The overhang

weight, W, is given by
W = y1
where

yw

w

• Y - Z • N

(1)
K '

is the unit bulk weight (wet) of the sediments

Z is the cliff height
N is the niche depth
Y is a unit width.
The cross-sectional area is effectively reduced because
of the ice wedges to
(Z - d) • Y.
When the weight per cross-sectional area is equal to or
exceeds the cohesional strength, then failure will occur.
Mathematically this is expressed as
y
hi

° Y • Z • N

Y •(Z - d)

>

-

c

u

'

or, solving for the critical niche depth (at failure), Nc,
then

Nc = (C/

V

(1

"

d/Z)

(2)

where d/Z is defined as the ice wedge-cliff height ratio.
Equation 2 predicts that shear failure will occur as
a function of the cohesional strength of the sediment and
the ice wedge-cliff height ratio.

Where the latter ratio

is small, i.e., high cliffs, the predicted critical niche
depth is relatively large; for large d/Z ratios, i.e., low
cliffs, a small critical niche depth is predicted.

As a

first approximation, the model supports the original hy
pothesis.
By making slightly different assumptions, a model based
on rotational equilibrium is developed.

In this model,

referred to as the rotational equilibrium or tensional
strength model, the overhanging block is assumed to fail
by rotating away from the cliff face.

The block exerts

a torque around an axis (Fig. 17), and when this torquing
moment exceeds the tensional strength of the permafrost,
failure occurs.
The appropriate force diagram is shown in Figure 17.
The weight, W, acts downward from the center of mass and
the component acting perpendicular to the lever arm, Wl,
exerts a torque about axis A.

Opposing this counterclock

wise rotation is a tensional force, T, acting from the
center of the effective cross-sectional area.

In terms

of measurable properties, T may be expressed as the inherent
tensile strength of the sediment, afc, times the cross-sec
tional area, so that
T = a

(Z - d) • Y .

If rotational equilibrium is assumed, then
(T)

- (Wl) (r) = 0 .

(3)
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Geometric considerations give r as
r

(4)

2 cos 0

and W1 as
Wl = W cos 0

(5)

or, from eg. 1
Wl = y

w

Y • Z ° N ° cos 0
c

(6)

Substituting eqs. 4, 5, and 6 into 3 and solving for the
critical niche depth, Nc, gives the relation
2

(7)

2
The term (Z - d) /Z is somewhat similar to the ice wedge-

cliff height ratio from eq. 2, and it has the same effect
in controlling the critical niche depth.

As the cliff

height increases relative to the ice wedge depth, greater
critical niching depths are predicted.

Thus the rotational

equilibrium model also supports the original hypothesis
that topography controls the distribution of thermo-erosional falls.
Comparison of the models indicates that the rotational
equilibrium model is the more appropriate of the two.

For

the same initial conditions, i.e., the same ice wedge depth,
cliff height, etc., the rotational equilibrium model pre
dicts smaller critical niche depths.

If all the assumptions

are valid, then under actual field conditions, failure would
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occur by rotation prior to failure by shearing.

This con

clusion is supported by field observations which suggest
that failure is by rotation away from the cliff.

For this

reason, only the rotational equilibrium model was numeri
cally evaluated.
Returning to eq. 7, it is evident that the critical
niche depth is a function of the sediment tensional
strength, the bulk density, and the ice wedge-cliff height
ratio.

Of these variables, the most difficult to evaluate

is the tensional strength of the sediment, afc(Fig. 18).
In turn, the tensile strength of permafrost is a function of
ground ice content, sediment texture, and ground tempera
tures.

The relative effects are illustrated in Figure 19.

Decreasing the temperature from -2.5°C to -5.0°C results
in an increase of more than a factor of two in the tensile
strengths of permafrost.

Variations in sediment texture

also cause significant changes in the tensile strength of
frozen sediments.

But, because these tensile strength

values are derived from laboratory testing, their appli
cability to field problems is uncertain.

Roggensack and

Morgenstern (1978) have noted that the rate of strain ap
plied during tests does affect the cohesional intercept
and that the cohesional strength of permafrost decreases
with decreasing strain rate.

Tests by Vialov et al. (1965,

Fig. 153), however, indicate that the tensile strength
estimates are less sensitive than cohesion estimates to
the rate of strain.

The tensile strength values used in

this model are assumed to be a function of temperature and
texture alone (Fig. 19), although the low strain rates
expected under field conditions (or high sediment ice con
tents) could decrease these estimates.
Since the estimates of sediment tensional strength
are shown to be very sensitive to small changes in tempera
ture (Fig. 19), accurate knowledge of the ground temperature
distribution near a tundra cliff is important.

Unfortu

nately, except for shallow temperature measurements made
near Peard Bay, Alaska (Appendix F), the temperature dis
tribution near a cliff face is unknown.

Ground temperature

data at Barrow for the month of September (Brewer, 1958),
the most common month for falls to occur (Walker, personal
communication), are used to estimate a theoretical tempera
ture at a cliff face (Fig. 20).

This distribution incor

porates the assumption that the horizontal temperature
gradient, perpendicular to the cliff face, is equivalent
to the vertical temperature gradient.

This assumption may

be partially justified from the ground temperature and
active layer measurements made at Peard Bay (Appendix F).
These measurements show that the active layer thickness
on an unvegetated, northerly facing slope (slope angle =
37°) is slightly greater than that of the nearby tundra
surface, suggesting that, at the ground, heat flux on the
cliff face is greater.

However, the higher ground heat

fluxes are offset by erosion rates that effectively reduce
the thickness of the active layer.

Thus it appears
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e edge of a tundra cliff.

reasonable to assume that the vertical and lateral tempera
ture gradients near a cliff face are equivalent, at least
as a first approximation.
Assuming a bulk unit weight (Appendix E), eq. 7 can
be solved by knowing ice wedge depths and cliff heights.
A computer program was developed to solve the problem
iteratively.

That is, for a given cliff height and ice

wedge depth, a tensional strength is computed, substituted
into eq. 7, and N calculated.
c
estimate a new

This N is then used to
c

and a new Nc is computed.

The process

is repeated until changes in N_, are less than 1%.

The

critical niche depths to failure are plotted as a function
of ice wedge-cliff height ratios (Fig. 21).
Figure 21 shows that, for cliffs with ice wedge depths
greater than the cliff height (d/Z > 1), critical niche
depths are not controlled topographically but rather by
size of the ice wedge polygon; failure will occur as soon
as a thermo-erosional niche intersects an ice wedge.

How

ever, minimum critical niche depths are predicted for ice
wedge-cliff height ratios less than 1.

For example, with

a cliff height of 4 m and an ice wedge depth of 3 m (d/Z
= 0.75), a critical niche depth of 10 m is predicted.

If

cliff height is increased to 7 m with the ice wedge depth
kept constant (d/Z = 0.43), the computed critical niche
depth is 20 m.

Thus the higher the cliff (or, more spe

cifically, the lower the d/Z ratio), then the less likely
thermo-erosional falls are to occur.

The implications of
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Figure 21. Critical niche depth of failure, Nc,
predicted as a function of cliff height and ice
wedge depth.

this result in application to the Alaskan Arctic Coastal
Plain are included later in the discussion.
Debris Sliding
As previously mentioned, the distribution of ground
ice slumps is limited to areas of high ice contents, the
relative intensity of surface wash is controlled by coastal
erosion rates, and it has just been shown theoretically
that the distribution of thermo-erosional falls is limited
to low cliffs.

That leaves debris slides as the "residual"

process; that is, debris avalanching is dominant only where
other processes are less intense, i.e., high, ice-poor,
moderately retreating tundra cliffs.

Observations of debris

slides at Papigak Cliff and a geotechnical model describing
that failure suggest factors that are important in causing
debris slides.
Erosion at the Papigak Cliff site between 1976 and
1977 generated a debris slide on the lower portion of the
cliff.

The upper limit of the slide is defined by a small

scarp at 4.5 m above MWL (Fig. 14).

The cliff surface above

this point shows no evidence of mass movement (Fig. 22).
Knowledge of the active layer thickness on the cliff face
(Appendix F) suggests that the failure took place as a
result of two storms.

An inferred failure sequence is

illustrated in Figure 23.

Active layer thickness on the

lower slope is between 0.4 and 0.75 m, and this is taken
as the limiting depth of failure.

Stage 1 represents fail

ure during late summer partially as a result of loss of

Figure 22. Upslope view at
Papigak Cliffs along profile
P2 (Fig. 14). Note the un
disturbed sediments above
the headwall scarp.

AUGUST 1976

OCTOBER
1977

Horizontal distance (m)

Figure 23. The inferred
failure sequence of the
debris slide(s) that
occurred at Papigak Cliffs
between early September
1976 and late September
1977.

cohesional strength from drying.

Stage 2 and the completion

of stage 1 failure very likely occurred concurrently during
a late fall storm.

The final cliff form at 1976 freezeup

is shown as stage 3.
in 1977.

A similar sequence of failure followed

However, by late September 1977, the steep basal

slope, combined with maximum thaw depths, allowed a shallow
failure to carry well up the slope.
is shown as stage 6.

The final 1977 profile

Additional failure in 1978 may be

expected as the thaw depths increase.
Although no field measurements of soil strength were
made at the study site, it is useful to examine the failure
that occurred in terms of a shallow slide model.

The shal

low slide conditions are fixed by the thickness of the
active layer, Z (measured vertically).
strength, s, to shear stress,

t

Equating shear

(i.e., a factor of safety

equal to 1; Carson and Kirkby, 1972, p. 154), gives
Y

w

° Z • sin 6 cos 9 = C' +

a'

tan <f>1

(8)

where y

is the unit weight (total)
w
Z is the slide thickness

0 is the slope angle
C1 is the effective cohesional strength
a' is the effective normal stress
<|>' is the effective internal friction angle
Assuming a total normal stress analysis, that is, ol =
a - u, where cr is the total normal stress and is equal to
Yw • Z cos 2 0, and where u is the pore water pressure, then
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eq. 8 becomes
2

v1 • Z • sin 0 cos 0 = C' + (y Z *cos
w
'w

0 - u) tan d>1

(9)

The left-hand side of eq. 9 represents the stress terms
and the right side is the soil strength.

When the left

side exceeds the right side, then failure occurs.
Some of these variables in eq. 9 change on a seasonal
basis while others remain fixed.

Where possible, numerical

substitutions are made and the effects of seasonal varia
bility in other parameters are evaluated in terms of slope
failure.

It is estimated that the minimum slope that failed

was about 32°.

For purposes of this discussion, the bulk

3
unit weight, y , is assumed constant at 1.3 g/cm (12.75
W
o
kN/m ). For a gravelly, silty sand, an internal friction
angle of 35° is selected (Carson and Kirkby, 1972, p. 92).
Substitution of these numerical values into eq. 9 yields
5,7 Z = C* - 0.7 u +6.4 Z

(10)

From this equation it is apparent that positive pore water
pressures would be necessary to induce failure.

Two mecha

nisms that might contribute to excess pore water pressures
are (1) thaw consolidation (McRoberts and Morgenstern,
1974b) or (2) differential freezing and ice-blocked drainage
(Siple, 1952; Weeks, 1969).

The former mechanism occurs

during melt, when depth of thaw is least and when thaw
consolidation would have the greatest relative effects.
However, field observations indicate that effective cohe-
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sional strengths of the sediment at this time are high and
would counteract the excess pore pressures.

Indeed, there

was a noticeable lack of failure by debris sliding during
melt.

The latter mechanism, iceblocked drainage, occurs

during freezeup, the time at which failure at Papigak Cliffs
probably occurred.

However, this mechanism is considered

unlikely because of the blocky, fissured nature of the slope
sediments as well as their low water content.
In the absence of a more plausible mechanism for gener
ating excess pore water pressures, it is probable that the
assumed angle of internal friction is too high.

A better

estimate would be about 28°, changing eq. 10 to
5.7 Z = C* - 0.53 u + 4.9 Z

(11)

This assumption allows the slopes to be stabilized by the
cohesive nature of the sediments during melt.

As effective

cohesion gradually decreases due to drying during the sum
mer, the slope becomes increasingly unstable, although the
drying may provide some stability by generating negative
pore pressures.
below 0.8Z.
(eq.

Failure occurs when (C* - 0.53u) decreases

Returning to the original stability equation

9), it is evident that three mechanisms may trigger

debris sliding, assuming that the factor of safety is near
1.

These include (1) increasing the slope, 0, by basal

sapping, (2) drying of the thawed sediments with a corres
ponding loss of effective cohesion, or (3) generation of
excess pore water pressure from one of the infrequent summer
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rains.

In terms of the temporal variability, these results

indicate that debris sliding is most likely to occur in
late summer or fall, when cohesive strength of the sediments
is at a minimum and when basal erosion (by waves) increases
the slope angle.

After initial failure, however, further

sliding may be limited by subaerial thaw rates, which are
low in the fall because mean air temperatures are near
freezing.

The implications of this are considered further

in the discussion of thermal effects on mass-wasting pro
cesses.
Summary
Four mass-wasting processes have been identified (on
the basis of reconnaissance results of North Slope cliffs)
as contributing significantly to tundra cliff retreat.
These processes include surface wash erosion, ground ice
slumping, debris sliding, and thermo-erosional falls.

Two

major cliffs are defined from the more detailed studies
of the Barrow-Peard Bay region.

The first type is the low,

ice-rich, rapidly retreating cliffs in Elson Lagoon and
Peard Bay, and the second type is the high, ice-poor, slowly
retreating cliffs along the Chukchi Sea coast.

The former

type is dominated by ground ice slumping and thermo-ero
sional falls, whereas the latter is dominated by debris
sliding and surface wash erosion.

Measurements at Papigak

Cliff on the Chukchi coast reveal that debris sliding accounts for 69-89% of the long-term cliff erosion (4.9 m3/yr
per meter of shoreline, from aerial photo measurements)
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and surface wash for the remaining 8-28%.

Fluvial input

accounts for less than 5% of the total sediment input to
the nearshore system.
Geotechnical models give further insight into the dis
tribution of mass-wasting processes.

Thermo-erosional falls

are shown to preferentially occur on low cliffs (with high
ice wedge depth-cliff height ratios).

Analysis of debris

slides indicates that they are most likely to occur during
late summer or fall.

GROUND TEMPERATURE, THAW DEPTH, AND
HEAT FLUX CONSIDERATIONS
The geomorphic processes of periglacial regions, par
ticularly mass-wasting processes, are intimately associated
with thaw of surficial sediments during the short summer
season.

For this reason, detailed measurements of ground

temperatures and thaw depths were made in order to determine
spatial and temporal variations in thaw development at Peard
Bay.

Heat fluxes were also monitored in order to estimate

the relative importance of heat exchange processes at the
tundra surface (i.e., sensible heat flux, latent heat flux,
and soil heat flux).
Ground Temperatures and Thaw Depths
Ground temperatures were monitored on a daily basis
at nine sites from" May to September.

Two of the thermistor

rods (PVC pipe with thermistors embedded in the pipe wall)
were installed on the beach, six on Papigak Cliff (Fig.
F-3), and one at the heat budget site (Fig. 13).

The depth

of thaw at each site (or the 0°C isotherm) was estimated
by linear interpolation between thermistors, and these
estimates were supplemented by probing the active layer
at periodic intervals.

Instrumentation and data collection
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procedures are discussed in detail in Appendix F.
Results
The temporal warming trends are approximately similar
at all the thermistor sites.

Ground temperature records

are characterized by (1) an initial moderate warming trend
prior to snow melt, (2) a sharp increase in ground tempera
ture associated with the snow melt period, and (3) a gradual
warming following snow melt.

Perturbations that occurred

in these overall trends are (1) a temporary high rate of
warming in mid-July associated with a large pulse of net
radiation, (2) an anomalous cooling trend in mid-August
associated with four consecutive days of fog occurrence,
and (3) miscellaneous spikes usually associated with pre
cipitation events.
Spatial variation of warming trends resulted initially
from local variation in snow cover thickness and later from
the influence of Chukchi Sea waters.

Ground surface tempera

tures were initially -11°C to -5°C (23 May), while subsur
face temperatures (at approximately -1 m) varied between
-16°C and -10°C, with the warmer temperatures occurring
on the cliff face.

The initial subsurface temperature at

the waterline (-14°C at -1.0 m) was not notably different
from that of the heat budget site, located on the tundra
surface 1.5 km from the coast (-14°C at-1.0 m).

Snow melt

on the cliff face preceded melt elsewhere, with the lower
beach and heat budget sites (1.5 km inland) the last sites
to show the rapid warming trend.

Maximum surface tempera
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tures occurred on the tundra surface and on the upper beach
face (Table 4), whereas a maximum subsurface temperature
(at -0.9 m) of 11.5°C was recorded when wave swash reached
the thermistor rod on the lower beach face.
Some influence of slope orientation and slope angle
are suggested by the data.

The lower maximum surface tem

peratures on the cliff face (Table 4) are apparently a
result of the northerly cliff face orientation, which caused
the face to be shaded during the morning and early after
noon.

The difference in maximum subsurface temperature

between rods 4 and 5 may be due to differences in soil
conductivity at each site or to the local slope difference
(Fig. F-3).

That is, because the slope was shaded during

the day, the daytime radiation received would be in the
form of diffuse shortwave radiation and should be the same
at each site; however, during the late afternoon and evening
the higher angle slope at rod 4 (39°) would receive a
greater amount of direct shortwave radiation than that at
rod 5 (slope angle = 27°).

In the absence of soil conduc

tivity measurements, the exact cause of the different sub
surface temperatures is uncertain, but if the latter expla
nation is responsible for the observed differences, then
it means that, for cliffs in arctic regions with northerly
aspects, higher angles cliffs would be expected to have
higher ground temperatures.
Overall thaw development is similar to that noted by
Kelley and Weaver (1969) in that thaw rates are initially

TABLE 4
THERMAL CHARACTERISTICS AT THERMISTOR ROD SITES

Probe
Number

Maximum
Surface
Temperature
C C)

Maximum
Subsurface
Temperature*
e C)

Tundra surface, heat
budget site

0

20.7

- 2.4

0.30

Tundra surface,
Papigak Cliff

1

25.5

- 2.0

0.39

Tundra surface,
Papigak Cliff

2

14.0

- 2.2

0.39

Cliff edge, Papigak Cliff

3

25.0

- 1.3

0.75

Upper face, Papigak Cliff

4

13.4

- 1.1

0.62**

Middle face, Papigak Cliff

5

13.1

- 3.4

0.36**

Lower face, Papigak Cliff

6

11.7

—

0.65**

Lower beach, Papigak Cliff

7

15.8

Middle beach, barrier
island

8

23.1

Location

11.5

—

Maximum
Thaw Depth
(m)

1.18+
0.75

*At approximately -1 m.
**These figures have been corrected for local slope angles in order to reflect
the true thickness (measured perpendicular to the cliff face) of the thaw layer.
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rapid but decrease exponentially throughout the summer.
Major thaw events are similar to ground temperature changes.
Considerable spatial variation is evident in the thaw
depth development.

Thaw depths on the tundra surface at

Papigak Cliff exceed those inland by 30% (Table 4).

A

relatively large depth of thaw at the cliff edge (0.75 m)
apparently results from the cliff's receiving daytime radia
tion on the upper surface and "nighttime" radiation on the
cliff face with a corresponding greater soil heat flux at
the cliff edge (Fig. F-3).

The greater thaw depths asso

ciated with rods 4 and 6 are partly a result of the lack
of insulating vegetation but may also be due to the effect
of locally high slope angles discussed above.
Although beaches show generally greater depths of thaw,
thaw depths above the middle beach still show an exponential
decrease in time (Fig. 24).

But the lower beach is strongly

affected by the presence of nearshore waters, and thaw
depths there increase continuously throughout the summer
(Fig.

24).

Comparison of mean thaw depths at several

profiles (Fig. 25) indicates that barrier island beaches
are subject to even greater thaw.

The cause of this is

not entirely clear, but contributing factors might include
higher thermal conductivity of the sediment, lower surface
albedos, lower latent heat fluxes, lateral heat migration,
or interstitial salt migration.
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Heat Budget Analysis
A heat budget analysis was conducted at Peard Bay to
ascertain the importance of the various surface heat fluxes
and to relate these fluxes to processes operating on tundra
cliffs.

Originally, the heat budget study was to be con

ducted at or near the main study site, but this proved to
be logistically impossible.

The site was eventually estab

lished on well-drained, high-centered polygons 1.5 km inland
from the coast (Fig. 13).
Net radiation was recorded continuously at two sites
(a polygon center and a polygon trough) from May to Septem
ber, and soil heat flux was also recorded continuously at
the polygon center.. Other meteorological parameters neces
sary to compute the heat budget were monitored four times
each day and included vertical gradients of wind speed,
temperature, and humidity.

Knowledge of these gradients

allowed indirect computation of the sensible and latent
heat fluxes.

A more detailed discussion of the instrumen

tation, data collection, and assumptions is included in
Appendix G.
The basic assumption of the heat budget analysis is
that the incoming solar energy received on the ground sur
face, in this case net solar radiation, QN, is balanced
by the heat fluxes away from this surface.

These fluxes

are (1) the sensible heat flux from the ground surface to
the atmosphere, QH (a positive QH indicates heat flow from
the surface to the air layer above), (2) the latent heat

flux of phase change, in this case evaporation, QE (a posi
tive
Qg

Qe

indicates evaporation), and (3) the soil heat flux,

(a positive QG indicates heat flow into the ground).

Mathematically this balance is simply stated as
QH

= °H

+

°E

+

<12>

°G •

Unfortunately, the indirect method used to compute
latent heat fluxes, QE, produced values several orders of
magnitude too large and consequently these fluxes were
computed as residuals from eq. 12.

The disadvantage of

this technique was that a residual or error term could not
be computed.
Results
Weekly averages of the heat fluxes are included in
Figure 26 and emphasize the variability of the different
heat fluxes.

The net radiation record is characterized

by an initial rapid rise to a maximum in mid-June, followed
by a second maximum in late July and a gradual decrease
in late August.

The sensible heat flux record, QH, shows

two somewhat anomalous minima in early June and July. The
cause of the first minimum is uncertain; however, the second
minimum was clearly associated with several days of strong
(>5.0 m/s), very warm easterly winds, which contributed
heat to the ground surface.

The soil heat flux trace,

, does not correlate well with the initial rapid thaw

Qg

development which occurred around the first of June, but
a secondary peak does correlate with the unusual thaw "step"
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1958) are also shown.

in mid-July.

The latent heat flux, QE, shows the greatest

amount of variability and the largest contribution to the
heat budget.

The estimates of QE must be treated with

caution because they are computed as residuals and include
all errors associated with other measurements.
Monthly averages of heat flux components are included
in Figure 27 and illustrate the general trends more clearly.
Heat fluxes from Barrow (Mather and Thornthwaite, 1958)
are also shown for comparative purposes.

Net radiation

peaks in June with a gradual decrease in July and August.
The latent heat flux, which was very large compared to that
at Barrow, makes up the largest proportion of the energy
flux throughout the summer, but shows a relative decrease
in importance in July and August.

Both the sensible and

soil heat fluxes increase gradually during the summer.
The sensible and latent heat fluxes at Peard Bay indi
cate a markedly different proportionment of energy from
that at Barrow (Mather and Thornthwaite, 1958).

Latent

heat fluxes at Barrow contribute only a small portion of
the energy exchange (Fig. 27), whereas the sensible heat
fluxes make up over 50% of the Barrow total in July and
August.

These trends are exactly opposite to those at Peard

Bay and suggest that local effects cause a large difference
in microclimates.

The most probable explanation is that

at Barrow, the dominant easterly winds drive in cool, moist
air (off the water) which has a low evaporation potential
and a high sensible heat flux potential.

At Peard Bay,

easterly winds are passing primarily over land and are
relatively warm and dry.

Consequently, the evaporation

potential at Peard Bay is higher.

The implications are

extremely important because all the detailed micrometeorological studies for the North Slope have been conducted
at Barrow, yet this study suggests that the Barrow micro
climate may actually be atypical of vast areas of the North
Slope.

These differences are particularly important in

considering connections between potential evapotranspiration
and primary productivity.
Cliff Face Heat Fluxes
The proportionment of energy fluxes on the cliff face
is less clear.

The fact that depths of thaw were greater

on the cliff face than on the tundra (Table 4) indicates
that the soil heat flux was greater on the cliffs.

This

could have resulted from greater net radiation on the cliff
face or from lower sensible and latent heat fluxes.

In

the absence of direct measurements it is difficult to esti
mate the net radiation because of its complex relationship
to slope aspect, slope angle, and surface albedo.

The

differences between tundra and cliff sensible heat fluxes
are also uncertain, but the latent heat fluxes on the cliff
are probably much lower because of the well-drained nature
of the cliff face.

Much of the snow melt would be expected

to run off the cliff face, resulting in a relatively low
evaporation potential as compared to the tundra surface.
That is not to say, however, that evaporation is unimpor

73

tant, because it clearly is important in drying the cliff
sediments and in causing dessication cracks to develop in
the surficial sediments.

It merely means that in terms

of heat exchange, latent heat fluxes were small and that
this allowed a greater proportion of the energy to be used
in warming the soil.
Summary
Increasing ground temperature and thaw depth develop
ment proceeded in a general stepwise manner during the
summer.

Warming of the ground and thaw of the active layer

were rapid directly after snow melt, but then slowed until
mid-July.

At that point, a large pulse of net radiation

caused a brief warming and a rapid increase in thaw depth.
Still later, in early August, frequent fog occurrence caused
a cooling of the surface sediments and ,a slight decrease
in the depth of thaw.

Maximum thaw depths were greatest

on the beaches (>2 m) and least on the tundra surface (<0.4
m).

Variation of thaw depths and ground temperatures on

the cliff face suggests that for north-facing cliffs, highangle slopes receive greater amounts of solar radiation.
At Peard Bay, latent heat fluxes are responsible for
removing most (>75%) of the energy contributed to the tundra
surface by solar radiation.

The greater soil heat fluxes

occurring on the cliff face (inferred from the greater thaw
depths) and other considerations suggests that latent heat
exchanges on the cliff face are less than on the tundra.
Comparison of Peard Bay and Barrow heat budget data indi

cates that Barrow has a much cooler and more humid micro
climate than Peard Bay.

DISCUSSION OF RESULTS
A number of widely different topics are covered in
the previous sections, including geomorphology, geology,
soil mechanics, and meteorology.

Additional insight into

these processes is provided by field evidence from inves
tigations peripheral to those results reported above. This
section synthesizes these results in an attempt to delineate
the salient factors contributing to tundra cliff stability.
The major topics to be discussed are (1) the underlying
causes of rapid tundra cliff retreat, (2) the mass-wasting
processes contributing to retreat, (3) the influence of
permafrost on these processes, and (4) the relative impact
of these processes along the Barrow-Peard Bay Chukchi coast.
Retreat Rates
Results of this study and those of previous investi
gations (Table 1) have shown that rapid shoreline retreat
is characteristic of most tundra cliff coasts despite low
wave energy levels.

It has also been shown that certain

mass-wasting processes are more likely to occur with the
most rapidly retreating cliffs.

However, the underlying

cause of the rapid retreat has not been discussed.
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Excess-Ice Effects
One factor that has been suggested as contributing
to rapid retreat is the presence of large amounts of ice
in the cliff sediments.

The quantitative effects of ice-

rich sediments may be evaluated by considering a simple
longshore transport model that assumes that all eroded
material is transported away by longshore drift (this as
sumption does not hold for cliff sediments that are very
fine and may be carried offshore in suspension).

The po

tential areas of erosion and deposition are actually con
trolled by zones of accelerating or decelerating longshore
currents (May and Tanner, 1973; Harper, 1976).

Suffice

it to say that for a particular cliff site under a given
set of wave conditions the amount of eroded (or deposited)
material can be predicted.

This may be thought of as the

"sediment demand" of the longshore power gradient (Harper,
1976).

For example, assume that a net volumetric loss of

3 m 3/yr (per meter of shoreline) is predicted (for details
see Komar, 1973).

The retreat rate corresponding to this

3
3 m /yr erosion rate is then a function of cliff height
(Fig. 28a).

For a 6-m cliff this corresponds to a 0.5 m/yr

retreat rate.
that 3 m

3

But this longshore "sediment demand" predicts

of sediment must be eroded.

Thus if the cliff

contains 25% excess ice (by volume),4m

3

of the cliff

material must be eroded and the retreat rate increases to
0.66 m/yr (an increase of 32%).
Detailed measurements of sediment ice content have

been made in the Barrow area in connection with thaw lake
settlement studies (Sellmann et al., 1975).

These meas

urements show that excess ice content decreases with depth
(Table 5).

Predicted settlement as a result of thawing

of the excess ice is also given and indicates that (1) ice
wedge density is important in controlling the amount of
thaw settlement and (2) that the upper 3 m of sediment are
the most sensitive to thaw subsidence.

The thaw settlements

from Table 5 (assuming no ice wedge contribution) are com
bined with Figure 28a to illustrate the effect of excess
ice contents on shoreline erosion (Fig. 28b).

Returning

to the example used above, for a 3 m /yr sediment demand
and a 6-m cliff, the retreat rate increases from 0.5 to
0.66 m/yr (a 32% increase).
cliffs are affected most.

More importantly, the lower

That is, a 3-m cliff with a 1-

m/yr sediment demand would normally retreat at 0.3 m/yr,
but at Barrow would retreat at 0.56 m/yr.

The ratio of

retreat rates, including excess ice content, R', to "normal"
retreat rates, R, under the same sediment demand is given
in Figure 29.
These curves indicate that, because most of the ice
is concentrated near the surface, low cliffs will retreat
at disproportionately high rates (Fig. 29).

Under normal

conditions, the retreat rate increases hyperbolically as
cliff height decreases under a given sediment demand (Fig.
28a), but for low ice-rich cliffs the increase is even
sharper.
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Table 5
SEDIMENT ICE CONTENT AND POTENTIAL THAW SETTLEMENT
Thaw Settlement
Depth
(m)
0-1
1-2
2-3
3-4
4-5
5-6

Mean Ice
Volume

No Ice
Wedge

(%)

(m)

74
64
56
51
46
41

0.56
0.96
1.22
1.39
1.48
1.48

10% Ice
Wedge
(m)

20% Ice
Wedge
(m)

0.7
1.3
1.7
1.8
2.0
2.0

0.9
1.7
2.2
2.4
2.5
2.5

Compiled from Sellmann et al., 1975.

Volumetric
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Figure 28a. Retreat rates plotted as a function of volumetric
erosion and cliff height.
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Figure 28b. Retreat rates plotted as a function of volumetric
erosion and cliff height with the effect of excess ice content
included (Table 6).
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Figure 29. Retreat rates of ice-rich sediments, R',
versus retreat rates of ice-poor sediments (undersaturated), R, as a function of cliff height and ice wedge
density. The curve for "normal ice content" is plotted
from ice contents of Barrow sediments (Table 5).
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The low cliffs (2 m high) along Elson Lagoon are re
treating at 0.6 to 1.0 m/yr (Appendix B).

These retreat

rates are probably 100 to 600% greater than expected (de
pending on ice wedge density) because of the high ice con
tents in the surface sediments.

The influence of ice con

tent on higher cliffs is less (Fig. 29), but is still sig
nificant.

For example, on the Chukchi Sea coast between

Barrow and Peard Bay, where the mean retreat rate is 0.31
m/yr and the mean cliff height is about 14 m, retreat rates
are from 11 to 24% greater than those expected for normal
conditions (again, depending on ice wedge density).
It may also be noted that, as ice contents increase,
the predicted retreat rates for low cliffs approach infinity
(Fig. 29) since all the volume loss is attributable to thaw
settlement.

However, the original assumption that longshore

power gradients control erosion rates is no longer tenable
because at some point the retreat rate will ultimately be
controlled by the rate of thaw.

Further analysis of this

aspect of retreat rates is included with the discussion
of thermal effects.
Thaw Settlement and Subsidence
It is evident from Table 5 that subsurface (or sub
marine) subsidence may also accompany coastal retreat.
That is, for 2-m-high retreating cliffs such as those of
Elson Lagoon, an additional 0.5 to 0.7 m of subsidence may
occur as the depth of the active layer in the nearshore
increases.

Profile data from Peard Bay suggested that such

a process may occur there.

Profiles PB3 and PB4 showed

large volume losses between 1976 and 1977 and also some
evidence of subsidence (Fig. B-6).

At profiles PB1 and

PB2, nearby, no change occurred, possibly because the Cre
taceous bedrock that outcropped very near sea level pre
vented thaw settlement.

This process may partially explain

the general lack of erosional terraces or platforms fronting
the rapidly retreating coastal cliffs (Shalk, 1963; Lewis
and Forbes, 1974).

However, after the sediments are thawed

to the 6-m depth (relative to the original surface), no
additional thaw settlement is predicted.

Any nearshore

water depths greater than 1-2 m must result from either
additional erosion of the bottom sediments or additional
subsidence.
It has been suggested by numerous investigators that
the offshore barrier islands along the Beaufort Sea coast
of Alaska represent the former mainland shore position and
that geologically rapid coastal retreat has produced the
wide lagoons between the barriers and the mainland (Wiseman
et aJL., 1973; Hopkins 1977; Short, 1977).

Extensive areas

of these lagoons exceed 2 m in depth, indicating that their
existence is due to more than the thaw settlement predicted
from Table 6.

Subbottom data (Osterkamp and Harrison, 1976;

Reimnitz et al., 1977), suggest that the lagoons are sedi
ment sinks rather than sediment sources.

If this is the

case, then subsidence is the only viable alternative that
might produce the observed offshore depths (this assumes

that they are not a relict topography).
Depths greater than 10 m in Teshekpuk Lake and unpub
lished data for Prudhoe Bay (Hopkins, personal communica
tion) support the case for additional subsidence accompany
ing the thaw of nearshore regions.

Offshore cores from

the Prudhoe Bay area have produced a wood sample (C-^ date:
660 + 200 years B.P.) lying within a pebbly clay bed (Sellmann et al., 1976) which has a minimum age of 600 years
B.P. (Hopkins, personal communication).

The wood was col

lected at a depth of 8 m (lagoon depth 4m), which gives
a minimum subsidence of 6-8 m, or a 0.9 to 1.2 cm/yr mean
subsidence rate.

Offshore surveys in the Soviet Arctic

have also shown extensive areas of subsidence, with rates
up to 5 cm/yr occurring 2 to 3 km from the coast (Klyuyev,
1965).
Hopkins believes that thaw of massive ice at depth
may cause the subsidence, but this would be unlikely to
occur on a regional basis.

Lewis and Forbes (1975) offer

a different explanation for similar subsidence noted in
the Mackenzie River delta.

These authors postulate that

the natural consolidation of sediments is arrested when
portions of the delta become subaerially exposed and freeze
and rapid permafrost aggradation causes the underlying
sediments to be underconsolidated with respect to the over
burden.

As the sediments are thawed at some later date,

the natural consolidation is renewed.

The important point

is that fairly widespread subsidence is occurring along

arctic coasts and that this subsidence causes offshore
profiles to remain steep despite rapid coastal retreat.
The continually increasing water depths in the nearshore
region provide a convenient sediment sink and thus indi
rectly contribute to the anomalously rapid cliff retreat.

Litholoqic Effects on Retreat Rate
Cliff lithology may also influence retreat rates to
some extent.

Cliffs of fine-grained material presumably

erode faster because the fine sediment is transported di
rectly offshore in suspension (Mackay, 1963).

Papigak Cliff

is comprised of 65% silt- and clay-sized material and is
typical of the southernmost cliffs between Barrow and Peard
Bay, which are retreating at 0.2 to 0.4 m/yr (Fig. 11).
Cliffs near Barrow (on the Chukchi coast) consist of 1-20%
silt and clay (Hume and Schalk, 1967; Sellmann and Brown,
1973) and are nearly stable.

Although the lower retreat

rates do coincide with coarser lithologies, this cannot
be regarded as conclusive evidence in support of the hy
pothesis.

The longshore sediment transport system also

contributes to the variation in retreat rates, as evidenced
by the extremely wide beaches that occur near Barrow (Table
B—1).

In fact, the finest material in the study area, the

Skull Cliff Unit, is very cohesive and frequently stands
at high-angle slopes (Fig. B-5).

Although this material

may be transported offshore easily, it does not mean that
it also erodes easily.

The near-vertical profile of many
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cliffs along the Chukchi coast (Fig. 11, kilometers 35 to
55) attests to the cohesive strength of fine sediments,
which resists failure and limits wave erosion at the cliff
base.

To determine the validity of the hypothesis, erosion

rates and lithology should be correlated in an area of rapid
retreat and of low longshore sediment transport (Smith
Bay?).
Mass-Wasting Processes
The preceding discussion is important in emphasizing
the fact that various parameters, including sediment ice
content, thaw subsidence, lithology, and longshore sediment
transport, determine the rate of sediment removal, and that
the occurrence and rates of mass-transport processes are
a consequence of the sediment removal rate.

Links between

the coastal erosion rates, qe, and the various mass-wasting
processes are illustrated in Figure 30.

Three special cases

are listed for each of the two major cliff types.

The

coastal erosion rate at any particular site is assumed to
be controlled by the local wave climate.

The presence of

a beach fronting a cliff is generally a good indication
that coastal erosion essentially balances the material
contributed by mass-wasting processes, although short-term
fluctuations (storms) can temporarily alter this balance.
In the case where coastal erosion exceeds that supplied
by mass-wasting, the beach material is first removed,
and then the cliffs are eroded directly by the waves.

If
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Figure 30. Schematic illustrating relationships of masswasting processes to coastal erosion and cliff heights.

this is just a short-term effect, the increased cliff gra
dients result in greater mass-wasting contributions, pri
marily by debris slides or thermo-erosional falls (Fig.
30).

In the unusual case where the long-term sediment

demand exceeds the supply, erosion rates are limited by
subaerial or subaqueous thaw rates, again depending on the
cliff height (Fig. 30).

At the other extreme, where the

mass-wasting contribution exceeds the sediment demand, cliff
gradients are decreased by surface wash and ground ice
slumps until the gradients become so low that only insig
nificant amounts of sediment are contributed to the beach.
Gradually an equilibrium system is approached.

The point

is that a mechanism exists for regulating the amount, and
to some extent the type, of mass-wasting erosion.

That

is, by increasing or decreasing cliff gradients, the balance
between mass-wasting and coastal erosion is maintained.
However, at any one site a slight imbalance is likely to
exist due to variable response times of the processes to
the forcing functions (usually storms).
Thermo-Erosional Falls
Although mass-wasting processes do not control coastal
retreat rates, thermo-erosional falls are frequently asso
ciated with high erosion rates (Lewellen, 1970; 1977).
The results from thermo-erosional fall models and those
from the discussion about ice content influence on erosion
rates illustrate why thermo-erosional falls usually occur
on rapidly retreating coasts.

The geotechnical model results on thermo-erosional
falls indicate that falls preferentially occur along lowcliffed coasts (or, more specifically, where the cliff
height is equal to or less than the ice wedge depths, Fig.
21). Since the mean ice wedge depth on the North Slope
is 3-4 m and the maximum observed niching depths are in
the order of 10 m (Walker and Arnborg, 1966), cliffs of
greater than 6 m in height are not expected to fail by
thermo-erosional falls.

This agrees quite well with ob

servations on the distribution of thermo-erosional falls
along the Alaskan Arctic coast.

Falls frequently occur

on the Beaufort Sea mainland coast, where most cliffs are
2-3 m high, with only local occurrence of cliffs greater
than 6 m.

On the Chukchi Sea coast, cliffs range from 4

to 19 m in height (Tables B-l and B-2), and no thermo-erosional falls have been noted, though thermo-erosional nich
ing is evident.

The qualitative agreement of field obser

vations and model results suggests that the thermo-erosional
fall model is valid and that local topography controls the
distribution of thermo-erosional falls.
The presence of segregated ice in the upper 6 m of
sediments (Sellmann et al., 1975) preferentially affects
lower cliffs.

That is, low cliffs retreat at dispropor

tionately high rates because of high ice contents in surface
layers (Fig. 29).

Thus topographic control has an indirect

effect on both erosion rates and the occurrence of thermoerosional falls and explains the association between high

erosion rates and thermo-erosional falls.
Ground Ice Slumps
Ground ice slumps are limited to ice-rich sediment
areas which are usually, because of the high ice contents,
also areas of rapid coastal retreat (Kerfoot and Mackay,
1972). Where ice contents are extremely high, the coastal
recession may be limited only by thaw rates (see discussion
of thermal effects).
Ground ice slumps noted near Cape Beaufort are similar
to those described by Mackay (1966), but most ground ice
slumps on the Alaskan Arctic Coast are an immaturely devel
oped type such as those found on the low cliffs of Peard
Bay and Elson Lagoon (Fig. 6).

The fact that no thermo-

erosional falls occurred at the profiles in Elson Lagoon
and Peard Bay (Appendix B) indicates that at these sites
slumping is essentially balanced by nearshore sediment
losses.

But, because thermo-erosional falls have also been

noted in both localities, the balance must be delicate;
small pulses of wave energy are apparently sufficient to
remove the slump sediment and to initiate thermo-erosional
niching.
Surface Wash
Surface wash has generally not been recognized as an
important mass-wasting process of coastal cliffs, but the
measurements from Papigak Cliff indicate that 8 to 28% of
the total sediment loss may be due to surface wash erosion.

Factors contributing to the large amount of surface wash
near Papigak Cliff (Fig. D-2) include low coastal retreat
rates (<0.15 m/yr), high (>10 m), steep, unvegetated slopes
(>35°) of relatively fine sediments (>65% mud fraction),
and large amounts of snow stored in the hollows of former
ice wedges (Fig. 14).

On cliffs near Barrow, where the

coastline is stable, an even higher percentage (75%?) of
the total loss is caused by surface wash, although the total
volumetric contribution is probably less.
Cliffs of low coastal retreat appear to have the
greatest percentage of mass-wasting erosion caused by sur
face wash.

On stable coasts, surface wash eventually re

duces slopes to about 20°, at which point the slope becomes
vegetated and soli'fluction may become an important masswasting process.

High, steep, unvegetated slopes are ex

pected to have the greatest volumetric amount of surface
wash regardless of the retreat rate, but where the retreat
rate is high, surface wash may contribute only a small
percentage to the total loss.
In terms of seasonal variability, all the sediment
eroded by surface wash at Papigak Cliff was deposited on
the beach during spring melt.

Despite heavy late-summer

rains (8.2 mm on 2 September 1976), no additional surface
wash deposition took place after snow melt.
Debris Sliding
Debris sliding has received very little recognition
as an important mass-wasting process on coastal cliffs,

particularly those in the Arctic.

Again, the measurements

from Papigak Cliff indicate that debris sliding is a sig
nificant process of tundra cliff retreat.

At the main study

site an estimated 69 to 89% of the total sediment loss
(Table 3) is from debris avalanching.
A number of factors affect the occurrence of debris
sliding and its relative importance in tundra cliff retreat.
In terms of the distribution of mass-wasting processes along
the Alaskan Arctic Coastal Plain, topographic control is
the most important.

Prior discussion on thermo-erosional

falls has shown that this process is limited to cliffs of
less than 6 m in height (for areas where ice wedge depths
are 3-4 m).

Ground ice slumps also preferentially occur

on low cliffs because of the excess ice contents in surficial sediments.

Because of this topographic ice effect,

the effect of debris sliding is small on low cliffs such
as those of the Beaufort Sea coast but is large on the
higher cliffs of the Chukchi Sea coast.
Theoretical analysis of the Papigak Cliff debris slide
suggests that lithology indirectly influences debris slide
occurrence.

Debris slides are most likely to occur in

coarse, noncohesive sediments (in the thawed state) and
are least likely in sediments with high cohesional strengths
(eq. 11).

If high slope angles are maintained (i.e., high

to moderate coastal erosion) and cohesive sediment strengths
are low, then failure will occur immediately upon thawing,
producing permafrost exfoliation (Jahn, 1975).

In the

absence of basal erosion, the slope angle would quickly
be reduced to the internal friction angle of the sediment.
In the case of coastal erosion exceeding that supplied by
debris sliding, the cliff retreat would be limited by the
rate of thaw.

Further consideration of this special case

is provided in the discussion of thermal effects.
Several additional factors indirectly influence debris
sliding mechanics.

Slope aspect may cause variations in

depth of thaw on the cliff face and, in turn, thaw depths
combined with slope angle control the height to which fail
ure will carry on the slope, i.e., greater thaw depths and
slope angles allow greater portions of the slope to fail
by debris sliding.
In terms of seasonal occurrence, debris sliding is
the most variable of the mass-wasting processes.

Poten

tially large debris slides can occur in the late summer
when the depth of thaw is greatest, but, after failure,
additional avalanching is then prevented by exposure of
the permafrost table.

Unless the subsequent thaw is rapid,

only one major slide or avalanche will occur.

However,

the following spring more sliding may take place as the
depth of thaw increases and as failure plane angles increase
(Fig. 23).
Thermal Considerations
The presence of permafrost has been shown to be impor
tant in control of ice-bonded sediment strength, in thaw
settlement, and in prevention of natural consolidation pro

cesses.

Two special cases exist where permafrost could

actually limit coastal erosion.

In these cases, the thaw

rate of permafrost becomes a limiting factor when the sedi
ment demand exceeds that supplied by mass-wasting processes.
The situations where thaw rate limitation may be significant
include (1) late-season subaerial thaw associated with
debris avalanching and (2) subaqueous thaw during thermoerosional niching.
Late-Season Subaerial Thaw
On slopes where debris avalanching occurs in the late
summer or fall, exposure of the permafrost table will lead
to renewed thaw.

Additional avalanching is then limited

by the thaw rates of the exposed permafrost.

It is of

interest to know the volume of sediment, in addition to
that of the active layer, that may be removed by debris
avalanching.
The amount of late-season thaw can be estimated by
using a simple heat conduction model (Harrison and Osterkamp, 1976, eq. 7) and by assuming that (1) the surface
soil temperature is constant and is approximately equal
to the mean air temperature, (2) the temperature at the
3-m depth is nearly constant at -4°C (Brewer, 1958), (3)
the thermal conductivities of the frozen and unfrozen in
organic soils at Barrow (Nakano and Brown, 1974) are appli
cable and are constant, (4) the soil moisture content is
constant at 0.25 (Appendix E), and (5) the thawing rate
is the ratio of the total heat flux into the boundary to

the latent heat of phase change.

Mean air temperatures

during September are near zero (Table G-l), although surface
soil temperatures in the first week of September (1976)
are about 3°C to 4°C (Fig. F-l).

Using 1°C and 4°C for

representative surface temperatures, 12 cm and 25 cm thaw
depths (after 10 days), respectively, are predicted.

The

smaller depth of thaw is probably the more reasonable of
the two because air temperatures are so close to zero and
because any evaporation of soil moisture from the thawed
zone, an effect not included in the model, would tend to
retard thaw.
The results are especially important because in the
fall wave energy levels are high and erosion at the cliff
base provides a cliff gradient favorable to failure.

Sub

sequent sliding is limited to material from the active
layer, and even if a favorable gradient is maintained after
an initial failure, the recurrence of any sizable avalanche
is prohibited by low thaw rates.

During a severe late-

season storm, sediment loss is limited to that of the active
layer plus that melted and eroded directly by wave erosion.
Basal erosion is limited by the subaqueous thaw that occurs
during high water levels.

Details of subaqueous thaw are

considered in the following section.
Subaqueous Thaw Rates
Subaqueous thaw rates are important in relation to
thermo-erosional niche penetration rates and consequently
may be important in limiting the amount of erosion during

storms.

Subaqueous thaw rates may be evaluated by the

lateral heat flux equation (used above), but an additional
factor in the subaqueous problem is estimating the magnitude
of seawater thermal conductivity.

The value for still sea-

water is easily determined, but turbulent motion can in
crease this value several orders of magnitude.

Because

of uncertainty about seawater thermal conductivity, absolute
estimates on thaw penetration rates are only approximate.
An estimate of niche penetration rate from Walker and
Arnborg (1966) of 0.4 m/day allows the lateral heat flux
equation to be solved for the thermal conductivity of water
in order to at least establish its appropriate order of
magnitude.

Other assumptions included are (1) a 0.3-m

mixing length between the frost table and ambient water
temperature, (2) a permafrost temperature of -8°C at 10
m from the cliff edge (Fig. 20), and (3) a soil water con
tent of 0.26 (by weight).

These computations result

in

a thermal conductivity estimate of 4,982 cal/cm sec °C,
more than 40 times that of normal seawater.

With this order

of magnitude estimate, it is possible to estimate relative
effects of ice content, sediment texture, and water tem
perature on subaqueous thaw rates (Fig. 31).
As expected, warmer water causes greater thaw rates,
but the effect of sediment ice content is somewhat surpris
ing.

Above saturation, in this case 100% ice content (by

volume), thaw rates are low and insensitive to further
increases in ice content, but below saturation they increase
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Figure 31. Subaqueous thaw rates plotted as a function of sediment
ice content and ambient water temperature.
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dramatically with decreasing ice content.

Predicted thaw

rates of frozen sand and peat were the same despite the
fact that frozen peat has a thermal conductivity 3 to 4
times less than that of frozen sand.
In terms of thermo-erosional niching, penetration rates
should be lowest in ice-rich sediments and highest in ice
poor material.

The validity of the absolute thaw rate

estimates is questionable because of uncertainty of the
thermal conductivity of seawater.

However, even if these

estimates are a factor of 2 low, subaqueous thaw rates may
limit erosion, especially during late-season, short-duration
storms.

The results, although tentative, do suggest that

at least several days of high water are necessary for ex
tensive niches to. form, i.e., thermo-erosional niching does
not appear to be a storm-dominated process.
The Barrow-Peard Bay Coastal System
The morphology of the Barrow-Peard Bay coastline is
somewhat unique in comparison to much of the Alaskan Arctic
coast (i.e., the Beaufort Sea coast) and merits special
attention.

Differences between morphology and retreat rates

of the Chukchi and Beaufort coasts are briefly discussed
below, and some speculative ideas are offered as to the
evolution of the coastal system as a whole.
The most notable difference between the two coasts,
aside from local relief, is that of retreat rates.

An

approximate retreat rate for the Beaufort Sea coast it; 2.7
m/yr (average of 150 observations from Lewellen, 1977),

whereas that for the Chukchi Sea coast is an order of mag
nitude less at 0.31 m/yr (Appendix A).

Some of the dif

ference is undoubtedly due just to the cliff height effect
(Fig.

28a).

If 2.5- and 14-m mean cliff heights are as

sumed for the Beaufort and Chukchi cliffs, respectively,
then for the given retreat rates cliffs would release 6.75
3
m3 and 4.20 m
of .
sediment per unit shoreline, respectively.
But the lack of depositional shoreline features on the Beau
fort coast suggests that the volumetric erosion should be
very small.

High ice contents in the low cliffs probably

account for some of the discrepancy.

Using Figure 28b,

which accounts for high ice contents, volumetric erosion
rates (of sediment) of 3.8 m 3/yr for the Beaufort and 3.8
3
m /yr for the Chukchi coasts are predicted.

Inclusion

of a 10% ice wedge contribution further reduces the BeaufortChukchi volumetric erosion rate ratio to 2.6:3.5, which
properly reflects the ratio of wave energy levels in the
two areas (Wiseman et al., 1973).

The important point is

that the difference in retreat rates is largely explainable
by consideration of the "topographic ice content effect"
(Fig. 29).
It is intriguing to note that the retreat rates along
the Chukchi coast (Fig. 11) are approximately equal to the
active layer thickness.

The fact that beaches are nonexis

tent along some segments means that sediment demand (of
the longshore power gradient) exceeds that supplied by masswasting processes, in this case debris sliding.

In lieu
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of other evidence, it is suggested that retreat rates here
are limited by rates of subaerial thaw.

It is probable

that some of the difference between Beaufort and Chukchi
retreat rates is also attributable to this "subaerial thaw
rate effect."
Another factor mentioned in considering rapid tundra
cliff retreat was thaw subsidence of underconsolidated
Quaternary sediments.

Several pieces of evidence have been

offered in support of the thaw subsidence theory (Lewis
and Forbes, 1975), including anomalous subsidence at Prudhoe
Bay (Hopkins, personal communication), deep thaw lakes on
the Beaufort Sea coast (Lake Teshekpuk), and subsidence
off the Soviet Arctic coast (Klyuyev, 1965).

In view of

the regional implications of the theory on coastal morphol
ogy, additional attention is warranted.
The essential hypothesis is that outwash mater-ial from
the Wisconsin Glaciation was deposited under periglacial
environmental conditions, and that these sediments were
bonded by permafrost before they become fully consolidated.
As post-glacial sea level rose, sediments thawed and natural
consolidation was renewed.

Even though sea level has

reached a standstill (Hopkins, 1973), consolidation exceeds
sedimentation and the transgression is continuing along
many arctic coasts (Table 1).

On the North Slope, several

of the northerly flowing rivers discharge into embayments
(e.g., Meade River, Ikpikpuk, see Fig. 2) which have rapidly
retreating shorelines despite the sediment input (Lewellen,
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1977).

This may be a local effect of thaw subsidence, which

is greatest in areas of thick late Pleistocene deposits,
i.e., along former outwash channels.
The relative stability of the Chukchi coast, as evi
denced by barrier island development and low coastal retreat
rates, may be attributable to the lack of significant thaw
subsidence.

Several factors prohibit thaw subsidence,

including localized uplift, lack of thick outwash deposits,
and the proximity of the bedrock surface to sea level.
There is also some evidence for post-glacial uplift in the
area (Sellmann and Brown, 1973), but this amounts to less
than 0.05 cm/yr (compared to thaw subsidence at Prudhoe
Bay of 1 cm per year).

Although there is a paucity of

outwash sediments in Barrow-Peard Bay area, extensive de
posits probably occur in the Icy Cape-Point Lay region.
The nearness of the Cretaceous bedrock surface to sea level
appears to be a major factor in prohibiting thaw subsidence
on the Chukchi coast.

Along most of the coast from Point

Lay to Barrow, Cretaceous bedrock is usually less than 50
m below sea level (Moore, 1964) and frequently much less
(Black, 1964; Fig. E-l).

This means that even in areas

where outwash deposits are expected (e.g., the Utukok and
Kokolik Rivers), the thickness of potentially underconsolidated material is limited by bedrock, thus also limiting
potential thaw subsidence.

As a consequence, the Chukchi

coast has reached a quasi-equilibrium where sediment input
balances or exceeds sediment loss.

This is in contrast
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to the Beaufort coast, where thaw subsidence exceeds sedi
mentation rates.

SUMMARY
Extensive segments of sedimentary coastal plains in
the Arctic have been shown to be undergoing intensive ero
sion.

Possible causes of the rapid retreat must be appli

cable over broad areas and various sediment types.

Two

factors appear most plausible for explaining retreat.

The

first is the high ice content found in the upper few meters
of most permafrost sediments.

The presence of the ice in

the sediments causes coastal retreat rates to be 200-600%
higher than normal retreat for the same amount of eroded
sediment.
dence.

The second factor of importance is thaw subsi

This involves subsidence of underconsolidated sedi

ments at depth as the shoreline retreats.

Thaw subsidence

causes a continual steepening of the offshore profile and
provides a sediment sink for eroded sediments.
Normally, mass-wasting processes supply sediment to
the beach at the same rate at which it is eroded by waves.
When wave erosion exceeds that supplied by mass-wasting,
the subaerial thaw rate (on high cliffs) may limit the masswasting contribution.

On lower cliffs thermo-erosional

niching (resulting from subaqueous thaw) develops with sub
sequent falls, so that low cliff retreat is usually not
limited by subaqueous thaw rates.
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tions indicate that thermo-erosional falls are unlikely
to occur on cliffs over 6 m, hence high cliffs are prefer
entially affected by subaerial thaw rates.
Analysis of a debris slide at Papigak Cliff suggests
that permafrost limited the amount of sediment failure that
could occur during 1 year.

The fact that retreat rates

are approximately the same as cliff active layer thickness
seems to support the case for subaerial thaw rates limiting
coastal erosion.
Comparison of heat budgets between Barrow and Peard
Bay shows that Peard Bay has a warmer, drier climate, which
in turn causes larger latent heat fluxes and smaller sen
sible heat fluxes than those observed at Barrow.

It is

speculated that less solar energy is used for evaporation
on the cliff face (because more water runs off), thus al
lowing more energy for warming the soil.

The general effect

of heat fluxes on cliff surfaces is uncertain other than
to note that active layers are thicker.
The study is reasonably successful in meeting the
initial objectives.

The causes of rapid tundra cliff re

treat are evaluated, characteristic retreat rates have been
extensively documented, the paths and mechanics of sediment
movement are delineated, and a partial sediment budget of
a (high) tundra cliff shoreline is estimated.

The original

objective of establishing a heat budget over a cliff face
was not met due to logistical problems. In hindsight, it
appears that heat fluxes are probably not as important in

driving geomorphic processes as originally had been assumed.
The study does define some areas that warrant further at
tention.

These include subaqueous heat exchange processes

involved with thermo-erosional niching, iji situ sediment
strength testing of both thawed and frozen sediments, and
sediment budget estimates for a low, ice-rich, rapidly
retreating tundra cliff.

CONCLUSIONS
1.

Large coastal segments of unconsolidated permafrost-

bonded sediments are undergoing retreat of 1 to 2 m/yr with
some long-term retreat up to 20 m/yr.

The extremely high

retreat rates are a consequence of (1) high ice content
sediments which, upon erosion, contribute very little ma
terial to the nearshore sediment budget and (2) thaw sub
sidence, which prohibits formation of protective wave-cut
platforms and which acts as a sediment sink for eroded
sediment.
2.

Two distinct tundra cliff types occurring on the

Alaskan Arctic coast are (1) low cliffs, which are ice rich
(because sediment ice contents are greatest near the tundra
surface) and which consequently retreat rapidly (>1 m/yr)
and (2) high cliffs, which are relatively ice poor and which
retreat more slowly (<1 m/yr).
3.

Mass-wasting on tundra cliffs is dominated by four

processes:

(1) surface wash, (2) debris avalanching, (3)

ground ice slumping, and (4) thermo-erosional falls.
4.

Cliff height, which indirectly controls ice con

tents and retreat rates, also affects the distribution of
mass-wasting processes.

Surface wash is primarily important

in areas of slow cliff retreat (i.e., high, ice-poor, stable
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cliffs).

Ground ice slumping is limited to areas of high

ice content (i.e., low, ice-rich, rapidly retreating cliffs)
and geotechnical considerations indicate that thermo-erosional falls are limited to low, rapidly retreating cliffs.
Debris avalanching could occur on either low or high cliffs,
but because other processes dominate the lower cliffs,
debris avalanching is most prominent on high, ice-poor
cliffs.
5.

The presence of permafrost indirectly contributes

to rapid cliff retreat by causing excess ice to be concen
trated near the surface of the tundra and by thawing at
depth in nearshore areas with subsequent subsidence.

In

some instances, permafrost can prohibit shoreline retreat
by limiting the amount of material contributed by masswasting processes (i.e., where subaerial thaw rates limit
debris avalanching).
6.

The Chukchi Sea coast of the Alaskan Arctic Coastal

Plain is relativley stable (compared to the Beaufort Sea
coast), probably because the proximity of bedrock to sea
level prevents much thaw consolidation.

The section of

coast between Barrow and Peard Bay is slightly erosional,
retreating at 0.31 m/yr, and is dominated by surface wash
erosion and debris avalanching.

Sediment budget considera

tions indicate that most sediment input (to the nearshore
systems) is contributed by cliff erosion (8-28% surface
wash; 69-89% debris avalanching) with less than 5% added
by local streams.
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APPENDIX A
AERIAL PHOTOGRAPH ANALYSIS
Summary
Measurements of coastal retreat for the period 19491976 indicate that the cliffed coastline between Point
Barrow and Peard Bay is retreating at a
(+0.06 m/yr, 95% confidence interval).

rate of -0.31 m/yr
Erosion rates are

slightly lower near Barrow (about -0.06 m/yr) and Peard
Bay (about -0.22 m/yr).

Offshore bar attachment to the

beach significantly increases beach width; however, it
cannot be statistically proven that this also decreases
cliff retreat rates.

Measurements at the main study area

confirm the general trends noted above, and, combined with
field observations, give further insight into the control
ling physical processes.
affect cliff form.

Both surface wash and wave erosion

Changes in mean slope width between

1949 and 1976 suggest that the relative importance of these
processes varies in time and is probably controlled by the
occurrence of severe storms.
Methodology
Coastal cliff retreat along the Chukchi Sea coast from
Barrow to Peard Bay was estimated by comparing 1948/49
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vertical aerial photographs (mean scale, 1:19,665) to 1976
vertical aerial photos (mean scale, 1:8,108).
The scale of the 1948/49 imagery was determined by
comparing features distinguishable on both the photos and
the USGS topographic quadrangle maps.

Two measurements

were made for each photo, and in no case did the measure
ments differ by more than 5%.

Scale on the 1976 photos

was determined similarly by comparison with 1949 photos.
Trial measurements indicated that 1976 photo scales varied
by less than 1%.

A common point on the respective photos

was identified, usually a distinctive polygon intersection
pattern, and the distances to (1) the cliff edge, (2) the
cliff base, and (3) the water line were measured.

At some

stations, only one or two of these distances could be ob
tained owing to the presence of snow cover or to the in
distinctness of the cliff edge.

The distances were measured

with a magnifying scale readable to 0.1 mm.
In order to determine the precision of the measure
ments, sampling error (error resulting from uncertainty
in the measurement technique) was estimated in a separate
analysis.

At ten stations along the coast, retreat rates

(at the cliff base) were estimated five times.

A statis

tical analysis allowed estimation of variance between sta
tions (i.e., experimental error) and that within stations
(i.e., sampling error) (Steel and Torrie, 1960, p. 119).
Sampling error accounted for less than 1% of the sample
variance and was neglected in further calculations.

Other possible errors include shrinkage of prints,
lens distortions, atmospheric refraction distortions, and
photograph tilt.
minor.

The first three of these were assumed

Tilt errors were minimized by determining the rela

tive scales of each set of compared photos and by keeping
measured distances short.
Results
Barrow to Peard Bay Measurements
The results (Table A-l) indicate that this section
of the Chukchi Sea coast is erosional, retreating at -0.31
m/yr (+0.06 m/yr, 95% confidence interval).

This mean is

computed by averaging (1) retreat rates computed for the
cliff base and (2) retreat rates for the cliff top at sta
tions where no cliff base rates were available (Table A1).

The cliff base is probably the more reliable feature

of cliff morphology as the cliff top is often indistinct
and the water line position is subject to large temporal
variations.

The retreat rates based on cliff top measure

ments display a tendency to be higher than cliff base deter
minations (Table A-l).

A linear correlation of the rates

for the cliff top against the base (measured at the same
»

station) show that cliff top retreat fairly consistently
(r = 0.7) overestimated cliff base retreat.

This overesti

mate is about 30% in the range of the mean retreat rate,
-0.31 m/yr.

The cause of the overestimate is unclear; it

may be an artifact of the measurement procedure or may be
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Table A-l
AERIAL PHOTO MEASUREMENTS OF CLIFF RETREAT

Cliff
Cliff
Water
Grand

top
base
line
mean

Mean
(m/yr)

Standard
Deviation
(m/yr)

-0.37
-0.26
-0.41
-0.31

0.32
0.31
0.28
0.31

95%
Confidence Number of
Interval Observations
(m/yr)
±0.06
±0.08
±0.06
±0.06

96
56
75
101
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due to changes in geomorphic processes.
Retreat rates are further compartmentalized into 5km shoreline averages (Table A-2).

These means are computed

by averaging rates of all stations occurring within the
5-km segment (Fig. 11).

Some spatial variation is evident.

The cliffline for 15 km south of Barrow is nearly stable,
but retreat rates increase farther to the south.

The maxi

mum measured retreat rate, -1.5 m/yr (unfortunately the
only observation in this coastal segment), occurred between
kilometers 40-45.

A slight decrease in erosion rates is

apparent at Peard Bay (kilometers 70 to 75).
Also examined is the influence of offshore bars in
controlling erosion rates.

Short (1975) notes that along

this coast offshore bars frequently attach to the shoreline
at an acute angle.

Beaches associated with these attachment

points are significantly wider than surrounding beaches.
Measurements indicate that in 1976 mean beach width at
attachment points averaged 31 m, whereas the mean for the
entire coast was 18 m.

Presumably these wider beaches

afford greater protection from wave attack, and one would
expect that cliff erosion rates at these points might be
lower.

However, 34 observations made at 9 bar attachment

points give a mean retreat rate of -0.30 m/yr, almost ex
actly equal to the overall mean retreat rate (Table A-3).
Several explanations exist for this apparent discrep
ancy.

The first is that storm waves occur in conjunction

with storm surges and that during these surges the beaches
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Table A-2
AVERAGED CLIFF RETREAT FOR 5-KM SEGMENTS,
BARROW TO PEARD BAY
5-km*
Segment

Mean
(m/yr)

0-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-45
45-50
50-55
55-60
60-65
65-70
70-75

-0.06
-0.06
-0.11
-0.30
-0.41
-0.42
-0.27
-0.46
-1.50
-0.22
-0.29
-0.37
-0.34
-0.39
-0.22

Standard
Deviation
(m/yr)

Number of
Observations

0.12
0.13
0.37
0.32
0.29
0.28
0.29
0.53

4
3
5
6
8
7
8
5
1
1
14
5
11
7
16

-

0.29
0.31
0.30
0.32
0.16

*See Figure 10 for location.

Table A-3
RETREAT RATES AT BAR ATTACHMENT POINTS
Bar No.
1
2
3
4
5
6
7
8
9

Kilometer No.

Retreat Rate
(m/yr)

7.5
9.7
13.0
25.1
37.0
61.0
65.4
68.4
71.8

-0.01
+0.08
+0.04
-0.55
-0.55
-0.62
-0.57
-0.41
-0.15
Mean

-0.30

actually provide very little protection to the cliffs.
A second explanation is that if the bars and attachment
points are migratory, as Short (1975) suggests, their sta
bilizing effects may be greatly reduced.
In at least one case (between kilometers 65 and 70)
bar migration occurred, approximately 500 m to the south,
from 1949 to 1976, and cliff form was affected.

In 1949

cliffs backing the attachment point were deeply dissected
by runoff in ice wedges, producing a characteristic sawtoothed form.

Runoff fans at the slope base coalesced into

an indistinct baseline.

Subsequent bar migration has re

sulted in the formation of a compound cliff profile (evident
on 1976 aerial photos) and a retreat rate of approximately
-0.5 m/yr.

Slightly to the southwest, in the overlap area,

where beach width has remained wide, dissection of ice-wedge
polygons has continued and slope gradients have become low
enough to allow revegetation.
-0.05 m/yr.

Retreat rates here averaged

If a longer photograph interval had been avail

able, mean retreat rates might have averaged out the tem
poral and spatial fluctuations caused by bar migration.
Other Trends
An additional feature of cliff form supports the ob
servation of Hume et al. (1972) that temporal variations
of erosion rates are related to the frequency of storm
occurrence.

A highly significant difference (P < 0.01)

exists between 1948/49 cliff slope widths and 1976 slope
widths (based on a paired t-test).

Measurements show that
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the mean slope width in 1948/49 was 15 m and in 1976 was
18 m.

The trend may be a result of sampling bias or may

reflect a real change in geomorphic processes.

In the

latter case, the difference suggests that the years prior
to 1976 were relatively quiescent and that slope wash pro
cesses contributed to increased slope widths and that the
years prior to 1949 were probably high in wave energy and
consequently slope widths were relatively short.
The aerial photos are also examined for dominant drift
directions between Barrow and Peard Bay.

Drift direction,

determined by inlet displacement, is dominantly to the
north.

However, the morphology of bar attachment points

indicates a dominant south-west sediment transport, at least
when the mechanics of bar formation are operating.

This

apparent contradiction raises the question of whether sedi
ment is transferred from the beach to the bar system via
attachment points or vice versa.
Measurements at Papigak Cliff Study Site
Detailed measurements (Table A-4) were made at the
main study site, Papigak Cliffs (kilometer 75).

The trends

were similar to other long-term trends; however, the mean
retreat rate was more than a factor of two less at -0.13
m/yr.

The beach width remained the same from 1949 to 1976

at 11.3 m, but the mean slope width nearly doubled, from
8.3 m to 19.6 m in 1976.

Storm wave activity apparently

had a minor effect during the few years directly preceding
1976.

This was confirmed by 1977 field studies during a

Table A-4
COASTAL MORPHOMETRY AT PAPIGAK CLIFF STUDY SITE
Linear Distance
(m)
1949
Sta
tion

X2

X1

69.7
98.7
41.6
60.0

1
2
3
4
Mean

x3

89.0
116.1
61.9
81.3

79.3
104.5
49.3
70.0

Retreat Rate
(m/yr)
1976

X1

X3

X2

57.8
87.1
23.7
42.8

75.2
102.1
47.5
64.9

87.1
112.4
59.3
76.0

S
-0.44
-0.43
-0.66
-0.63

A

A

X2

-0.15
-0.10
-0.07
-0.19

x3

-0.07
-0.14
-0.10
-0.29

-0.54 -0.13 -0.13

Mean
Slope
Width
(x2-Xl)
Mean
Beach
Width

8.3

19.6

11.3

11.3

(x3-x2)

Note: x^ = Distance from reference point to cliff top
X2 = Distance from reference point to cliff base
x^ = Distance from reference point to water line

period of cliff erosion, when a buried snow ramp was found
at the site.

The snow ramp had been buried beneath 1 m

of slope wash material, and the landward portion rested
against a near-vertical scarp 3 m high.

Presumably the

scarp was cut by storm waves during late fall.

Thereafter

drifting snow formed a snow ramp against the scarp and the
following spring sediment transported by surface wash and
slumping covered and insulated the snow ramp.

Storm wave

activity did not reexpose the snow ramp until 1977, sug
gesting that the years preceding 1976 were relatively
quiescent in terms of marine erosion.

APPENDIX B
CLIFF AND BEACH PROFILES
Summary
Numerous profiles were established (1976) along coastal
cliffs in the Barrow and Peard Bay vicinity.

Resurveys

of these profiles in September 1977 allowed comparison of
short-term variations and long-term trends (Appendix A).
Profile form was often indicative of the dominant masswasting processes.
The surveyed cliffs may be grouped into two major
types.

These are (1) the low (<5 m), ice-rich, rapidly

retreating (1-2 m/yr) cliffs of Elson Lagoon and Peard Bay
and (2) the high (>10 m) ice-poor, slowly retreating cliffs
(<0.5 m/yr) occurring along the Chukchi Sea coast.

The

former group is dominated by thermo-erosional falls and
ground-ice slumping, whereas surface wash and debris avalanching dominate the latter.
Within this second group, other trends are apparent.
Cliffs on the Chukchi coast near Barrow have lower angle
slopes (13°-32°) than those at Skull Cliff (28°-44°).

This

appears to be a consequence of (a) lower coastal retreat
in the Barrow area (<0.10 m/yr versus 0.4 m/yr at Skull
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Cliff) and (b) a relative dominance of surface wash erosion.
To the southwest, where retreat rates are higher, compound
cliff profiles indicate that debris avalanching dominates
the lower portion of slopes and that surface wash is domi
nant on the upper slope.
Detailed measurements at Papigak Cliffs, near Peard
Bay, indicated that the relative intensity of the processes
varied widely in time.
over 460 m
and 1977.

3

For example, at the main study site,

were eroded from the cliff base between 1976
The presence of a buried snow ramp suggests that

similar shoreline retreat of that magnitude had not occurred
for the previous 5-7 years.

In fact, the cliff base had

actually agraded seaward during that time.
Methodology
The most important factor influencing profile location
was the presence of permanent bench marks.

As bench marks

are difficult to establish in permafrost soils, triangulation stations, survey markers, memorial monuments, and
previously constructed bench marks were used where possible;
otherwise, wooden stakes were used to establish new bench
marks.

Profile sites were established in Elson Lagoon,

east of Barrow (EB profiles), on cliffs directly southwest
of Barrow (SWB profiles), at Skull Cliff (SK profiles),
and in Peard Bay (PB profiles).
At all but the main study site, the Emery survey method
was used for profiling (Emergy, 1961).

At the main site,

grid points were initially set up by taping and later the

grid points were leveled in using a Wild (NaK) level.

The

Emery method was used to survey between grid points.
Accuracy
The Emery survey technique is designed primarily for
beach profiling and is not particularly well suited for
high-angle slope surveys. This situation stems from the
problem that both vertical and horizontal error are cumu
lative; that is, an error made at one sighting is incor
porated into the remainder of the profile.

Accuracy of

the technique has not been tested in the field, and the
error bands computed below represent educated guesses.
Error bands are evaluated for steep slopes, with 35°
as a characteristic slope angle.

A maximum error of 2.5%

(+0.5 m in 20 m) is assumed for the vertical and horizontal
measurements.

In terms of horizontal cliff face retreat,

the most common means of reporting erosion rates.

This

means that a change of at least 10% of the slope width must
occur in order to be detected by this method.

For example,

on a cliff 10 m high and 14 m wide, horizontal retreat at
the cliff base would have to exceed 1.4 m; as the slope
width decreases (i.e., higher slope angles or lower cliff
heights), reliability increases.

On very low slopes, the

method may be used with accuracy exceeding 1% (Emery, 1961).
In view of the results from Appendix A, it is apparent that
the Emery survey technique alone is generally not capable
of detecting annual changes along the Chukchi coast, a fact
supported by the lack of change on the SWB and SC profile
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series.
At the main cliff site, closure of the grid by leveling
indicated less than 5 cm error in the measured vertical
distance between the cliff top and beach bench marks.

Maxi

mum distances between grid points varied from 4 to 12 m,
so that a minimum of 12 cm of retreat was necessary for
detection.
Profiles East of Barrow
Three cliff profiles were surveyed in 1976 along the
Elson Lagoon mainland shore (Fig. B-l).
was resurveyed in 1977.

A single profile

Cliff morphometric characteristics

and profile changes are listed in Table B-l.
Cliff height along the lagoon shore ranges from 2 to
4 m (Fig. B-2), and the landward tundra surface is rela
tively flat.

Cliffed sediments are comprised of sandy silt

but include varying amounts of peat, and upper surface
layers contain 60-70% segregated ice by volume (Sellman
and Brown, 1973).
Documented long-term retreat rates along this coast
range from 0.6 to 1.1 m/yr (Lewellen, 1977).

MacCarthy

(1953) reported a mean retreat rate of 0.7 m/yr for profile
EB3 (USCGS marker Brant).

The survey marker was formerly .

174.8 m from shore in 1949 (MacCarthy, 1953) and was 132.5
m from the shore in 1977.

This value corresponds to a mean

annual retreat rate of 0.6 m/yr and is consistent with
MacCarthy's earlier rate.

The 2-m cliff retreat between

1976 and 1977 (at EB3) represented a relatively large

Pt. Barrow
- N -

EB3
„ EB2

Barrow
SWBl A
SWB2 /
SWB3 / ,
SWB4,2^JT

EB1

SWB5

SWB6

Figure B-l. Map of Barrow vicinity showing loca
tions of profiles east of Barrow (EB profile
series) and southwest of Barrow (SWB profile
series).

ug 76
EB1

ug 76
EB2

Aug 76
EB3
Sept 77
2.5 x vertical exaggeration
uj

20

Figure B—2.

25

H o r i z o n t a l d i s t a n c e (m)
Cliff profiles (EB series) in Elson Lagoon, east of Barrow.
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Table B-l
MORPHOMETRY OF COASTAL CLIFFS, BARROW REGION

Cliff Face
Height Width
(m)
(m)

Geographic
Area

Profile
Number

East of Barrow

EB 1
EB 2
EB 3 1

7
8
8
22

Aug
Aug
Aug
Sept

76
76
76
77

3.0
3.6
2.0
2.1

2.9
7.6
5.2
4.5

46
25
21
25

2.0
0.0
1.0
1.0

SWB l2

6
21
6
6
21
6
21
21
21

Aug
Sept
Aug
Aug
Sept
Aug
Sept
Sept
Sept

76
77
76
76
77
76
77
77
77

8.5
7.9
5.9
5.2
4.8
5.2
5.8
5.0
3.6

13.5
13.8
12.0
9.0
8.0
22.5
21.0
10.0
6.5

32
30
26
30
31
13
15
27
29

21.5
14.0
22.5
25.0
24.5
37.5
34.5
38.5
63.0

SW of Barrow

SWB 23
SWB 3k
SWB 4s
SWB 56
SWB 67
1USCGS

Survey
Date

Mean
Slope
of
Beach
Face Width
(°)
(m)

marker Brant
marker #20
3ATS marker #22
''ATS marker #23
sATS marker #27
6USCGS marker Nunavak
'will Rogers-Wiley Post Memorial Monument
2ATS

Cliff Base
Changes
Linear Volumetric
(m)
(m3)
—

—

-

-2.0

-6.0

0

0

0

?

0
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change, although, because this change includes erosion from
two open water seasons, the short-term retreat is actually
in the order of 1 m/yr.
The dominant mass-wasting process is ground-ice slump
ing, but some thermo-erosional niching occurs.

Because

topographic slope is low and, because ice contents are also
relatively low (<75%, Lewellen, 1972), large thermo-cirques
do not develop and ground-ice slumping is limited to the
area directly affected by marine erosion.
Profiles Southwest of Barrow
Six profiles were set up southwest of Barrow in 1976
(Fig. B—1) and three were reoccupied in 1977.

Morphometric

parameters are listed in Table B-l.
Cliffs range from 4 to 8 m in height (Fig. B-3), and
slope angles range from 13° to 32°, averaging 26°.

Beaches

are very wide (generally >10 m) and, in most places, have
protected the cliff from direct wave attack in recent years.
Cliff sediments are primarily silty sands but include some
gravels (Black, 1964; Hopkins and Petrov, 1976).
Reported retreat rates vary widely.

MacCarthy (1953)

noted retreat rates of -0.3 to -0.9 m/yr, and Hume et al.
(1972) reported rates ranging from -0.3 to -3.0 m/yr.
Remeasurement of USCGS marker Nunavak (SWB5 profile) showed
no change from 1950 (MacCarthy, 1953) to ,1977.

Long-term

retreat rates determined from aerial photos also indicated
that this portion of the coast is stable.

Mean long-term

retreat between Barrow and the Will Rogers-Wiley Post Memor-

Aug 76
SWBl

Sept 77
Aug 76
SWB2

Aug 76
SWB3

Sept 77

Sept 77
Aug 76
SWB4

Ice push

Aug 76
SWB5

Aug 76
SWB6

2.5 x vertical
exaggeration

Horizontal distance (m)

Figure B-3. Cliff profiles along the Chukchi Sea coast
southwest of Barrow (SWB series).

ial Monument (profile SWB 6) was -0.08 m/yr.

This low

retreat rate was confirmed by the apparent lack of change
on profiles SWB 1, 2, and 4 between 1976 and 1977.

Tape

measurements at two other sites also showed no change.
The dominant erosion process on this section is surface
wash, as evidenced by the predominance of deeply dissected
ice wedge troughs and the frequent occurrence of low-angle
slopes (e.g., SWB 4).

Wide gravel beaches generally protect

cliffs from direct wave attack.

Where beaches are locally

narrow, some thermo-erosional niching is present; however,
no thermo-erosional fall blocks have been noted, and the
relatively low ice content precludes the formation of ground
ice slumps.
Skull Cliff Profiles
Nine profiles were surveyed (1976) between Skull Cliff
and Peard Bay; four were resurveyed in 1977 (Fig. B-4).
Cliff characteristics are listed in Table B-2 and profiles
are plotted in Figure B-5.
Cliffs are much higher than in the Barrow area, with
most cliffs greater than 15 m.

Profiles are also steeper;

slopes range from 28° to 44° and average 36°.

Beach widths

are narrower than those immediately southwest of Barrow.
Local lithology influences cliff profile form.

A 1-

2 m layer of fine, well-sorted sand mantles much of the
area.

As the sand layer thaws and dries, it easily erodes

(by wind or surface wash erosion), often leaving a small
step near profile top (Fig. B-5, profiles SK 2, 3).

The

SKI
SK2
SK3

SK9 S!/
PB2
PBS

PBl

rT~7^isi6r !SKSI
i

PB4

Figure B-4. Map of Peard Bay vicinity showing locations of profiles along Skull
Cliff (SK profiles) and in Peard Bay (PB profiles).

Table B-2
MORPHOMETRY OF COASTAL CLIFFS, SKULL CLIFF REGION

Geographic
Area

Profile
Number

Skull Cliffs

SK
SK
SK
SK

l1
22
33
4

SK 5
SK 6
SK 7 4
SK 8
SK 9

kJSCGS marker
marker
3USCGS marker
tFSCGS marker
2USCGS

Faith
Char
Herbert
Car

Survey
Date
25
25
25
25
26
26
24
21
22
20
20
25

July
July
July
July
Sept
Sept
May
May
July
July
July
Sept

76
76
76
76
77
77
76
77
76
76
76
77

Cliff
Height
(m)

Face
Width
(m)

18.0
19.2
16.6
15.6
15.8
12.6
15.6
15.6
14.0
6.9
2.3
2.2

34.0
32.5
26.0
18.0
19.0
15.0
16.0

Mean
Slope
of
Face
(°)

Beach
Width
(m)

28
31
33
41
40
40
44

17.5
15.0
10.0
21.0
14.0
3.0
?

-

25.0
8.5
3.0
3.0

Cliff Base
Changes
Linear Volumetric
(m)
(m3)

0
-2.0(?)

-

29
39
37
36

11.0
0
28.5
24.0

-

0

0

July 76

SKI

SK2.

25 July 76

SK3

SK4

25 July 76

25 July 76

26 Sept 77

SK5

26 Sept 77

SK6

24 May 76

Peat /\
26 Sept 77

5K7

SK8

22 July 76

20 July 76

Ice push
25 Sept 77
SK9

20 July 76

2.5 x vertical exaggeration
25 Sept 77

0

10

20

30

40

Horizontal distance (m)

Figure B-5. Cliff profiles along the Chukchi Sea
coast, Skull Cliff vicinity.
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Skull Cliff unit of the Gubik is a greasy marine silt,
outcropping in the lower 3 m of the cliffs.

Thawed cohesive

strengths of this unit are high and allow slopes to stand
at angles greater than 35°.

Consequently, lower portions

of the slopes are the steepest if not covered by colluvial
material (Fig.

B-5, profiles SK 6, 8).

Between profiles

SK 7 and SK 8, a cemented Cretaceous sandstone bed outcrops
at the cliff's lower 2 m.

Surprisingly, this bedrock out

crop has little stabilizing effect (mean retreat rate along
this section is -0.25 m/yr).
No previous reports on coastal retreat in this area
exist.

Long-term coastal changes range from +0.2 to -0.93

m/yr, averaging -0.27 m/yr (Appendix A).

No significant

changes are noted ;between the 1976 and 1977 field surveys.
The higher (than Barrow) retreat rates are apparent in the
steeper cliff faces and narrower beaches.

Eroded ice wedge

troughs are truncated by cliff retreat, leaving a charac
teristic sawtoothed form termed "baydjarakhs" (Czudek and
Demek, 1970).
Two mass-wasting processes, surface wash and debris
sliding, account for most of the coastal retreat along this
section of coast.

Geomorphic form (i.e., the baydjarakhs)

of the cliffs suggests a relative balance of the two erosional processes.

Erosion of ice wedge troughs is primarily

a result of surface wash during spring melt, whereas cliff
retreat by debris sliding occurs during late summer storms.
The characteristic sawtoothed form is a consequence of this

balance.

In the absence of debris sliding the cliff forms

would be low and deeply dissected (e.g., the cliff southwest
of Barrow).
Peard Bay Profiles
Four profiles were established (1976) and resurveyed
(1977) along the southeastern shore of Peard Bay (Fig. B4).

Cliffs along this shore are moderate in height, 2 to

5 m, and slope angles range from 14° to 90° (Table B-3).
Cliff sediments are primarily silty sands, but large amounts
of peat are also present.

In addition, segregated ice is

common in the form of vertical ice wedges.
No historical information is available on retreat rates
of the Peard Bay shores.

The profiles described below in

dicate varying amounts of retreat (Fig. B-6).

Profile PB

1 shows an increase of slump material and a reduction of
the cliff slope.

Profile PB 2 shows little change with

the exception of a large crack (tensional?) near the cliff
edge.

A massive ice deposit at PB 3 has contributed to

a significant loss of volume at that site and subsidence
resulting from ground-ice slumping has occurred.

Subsidence

may also have occurred at PB 4, where the cliff base re
treated 2.0 m between 1976 and 1977.
Ground-ice slumping and thermo-erosional falls are
the most important mass-wasting processes operating on the
Peard Bay cliffs.

Ground-ice slumping has contributed to

the erosion at PB 3 and, although no profiles crossed thermoerosional falls, numerous falls have been noted during

Table B-3
MORPHOMETRY OF COASTAL CLIFFS, PEARD BAY REGION

Geographic
Area
Peard Bay

Profile
Number
PB 1
PB 2
PB 3
PB 4

1

Cliff
Height
(m)

Survey
Date
30
27
30
27
30
27
30
27

^SGS marker Peard Bay South

Aug
Sept
Aug
Sept
Aug
Sept
Aug
Sept

76
77
76
77
76
77
76
77

4.4
4.2
4.2
3.9
2.1
2.4
2.8
2.8

Mean
Slope
Face
of
Width Face
(°)
(m)
6.5
8.0
5.0
4.5
-

3.0
11.0
8.5

34
28
40
41
90
39
14
18

Beach
Width
(m)
9.5
6.0
9.0
7.5
18.5
10.0
11.0
8.0

Cliff Base
Chanqe
Linear Volumetric
(m)
(m3)
+1.0
0
0
-2.0

_
-

-6.6
-6.8
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30 Aug 76
27 Sept 77

30 Aug 76
</

27 Sept 77

PB2

PB3

30 Aug 76

Slump block
'' 27 Sept 77

-J

PB4

Runnel

30 Aug 76
27 Sept 77

2.5 x vertical exaggeration

20
Horizontal distance (m)

Figure B-6. Cliff profiles on the southeast
shore of Peard Bay.
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reconnaissance flights.

With large amounts of ground ice

present, very little mechanical energy (i.e., wave energy)
is necessary to cause retreat.

As Are (in press) notes,

if sufficient ground ice is present, subsidence alone will
result in shoreline retreat.
Papiqak Cliffs
The survey grid at Papigak Cliffs was initially set
up in July 1976 (Fig. B-7).

The changes occurring during

the 1976 field season were minor, and only the August pro
files are presented; profiles were resurveyed in late
September 1977.

Morphometry parameters have been compiled

in Table B-4; profiles are plotted in three dimensions to
give a better indication of cliff form (Fig. B-7).
Of the seven profiles, four originate on polygon crests
and run down the "horns," while the remaining three are
located in the "hollows" of former ice wedge troughs (Fig.
B-7).

Cliff height averages 14.7 m, and the mean slope

is 37°, although slopes range from 10° to 75°.

Differences

in mean profile slope are most pronounced between the horns,
mean slope 41° (profiles P 1, 3, 57) and hollows, mean slope
31° (Table B-4, profiles P 2, 4, 6).
Although the aerial photo analysis (Appendix A) indi
cated long-term cliff retreat at this site was low (<0.15
m/yr), significant retreat occurred between the 1976 and
1977 field surveys (Fig. B-7).

Wave erosion caused mean

retreat at the cliff base of at least 1.7 m (Table B~5),
and the oversteepened lower slope failed by shallow sliding

j

'

*>*}»'

'' *
•ih*

-16

-12

ICE

ICE

1977
WATERLINE

1976 WATERLINE
Erosion, 1976 to 1977
Deposition, 1976 to 1977

Figure B-7. Three-dimensional diagram of the main study site showing grid points
(triangles), 1976 profiles, 1977 profiles, and the buried fossil snow ramp.
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Table B-4
MORPHOMETRY OF PAPIGAK STUDY SITE CLIFFS

Year

Cliff
Height
(m)

Cliff
Width
(m)

Mean
(° )

1
1
2
2
3
3
4
4
5
5
6
6
7
7

1976
1977
1976
1977
1976
1977
1976
1977
1976
1977
1976
1977
1976
1977

14.4
14.6
15.4
15.4
15.2
15.0
15.4
15.4
14.4
14.8
14.4
14.4
13.1
13.5

17.4
15.2
23.0
22.5
21.8
18.4
29.8
27.0
18.4
17.9
24.8
23.0
12.1
12.2

39.6
43.8
33.8
34.4
34.9
39.2
27.3
29.7
38.0
39.6
30.1
32.0
47.0
47.9

Means
Means
Means
Means
Means

14.7
(1976)
14.6
(1977)
14.7
(Horns)
(Hollows)

20.2
21.0
19.4

37.0
35.6
38.0
41.3
31.2

Profile
p
p
p
p
p
p
p
p
p
p
p
p
p
p

Slope
Max
(°)

Min
(°)

60

23

38

26

47

10

42

17

47

26

42

22

75

38
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Table B-5
LINEAR AND VOLUMETRIC EROSION: PAPIGAK CLIFFS, 1976-1977
Profile
Number
P
P
P
P
P
P
P

1
2
3
4
5
6
7

Linear
Change
(m)
-2.2
-0.5
-3.4
-2.8
-1.0
-1.8
0

Mean (S.D.)

Volumetric Change
(m3)
(+)
(-)
8.5
6.9
14.3
9.6
6.5
4.5
4.5

-

0.4
-

-

0.4
-

-1.7 (1.2) Total 0.8
Net

*Equivalent to: 7 .,7 m3/m shoreline
462 m 3/total grid
0.30 m3/m2 of cliff face

54.8
-54.0*
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such that a net loss of 462 m

was realized.

This was

equivalent to a 0.30 m/yr denudation rate if averaged over
the entire grid face (Table B-5).
The most significant feature of this erosion was the
exposure of a buried snow ramp near the cliff base (Fig.
B-7).

The presence of this fossil snow ramp means that

the cliff base was at one time (prior to 1976) farther
landward than its present position (about 1 m landward of
the 1977 cliff base position).

The formation date of this

older cliff base position is uncertain.

Shortly after the

storm that caused the erosion, freezeup must have occurred
and a snow ramp formed over the lower cliff face.

During

the following melt season, surface wash accumulated on the
snow ramp faster than the ramp melted, and it was buried.
Judging from the amount of material overlying the ramp,
and knowing an approximate rate of slope-wash transport
(Table D-2), it is estimated that snow ramp burial occurred
at least 5-7 years prior to 1976.
Beach Profiles
Beach profiles were established in 1976 from the mouth
of Papigak Creek to the tip of Peard Bay spit (Fig. B-8).
No significant changes occurred during the 1976 field sea
son, and, unfortunately, most of the profiles were destroyed
by construction of a landing strip in 1977.

Selected pro

files that were resurveyed in 1977 are included in Figure
B-8.

Sept. 77
Aug. 76
B2

Sept. 77

Aug. 76

B3

Aug. 76

Sept. 77

B4

Aug. 76

Sept. 77.

5 x vertical
exaggeration

H o r i z o n t a l d i s t a n c e m)

ot beach
ion map
Fiqure w
B-8.
(a)
Location
of
w#
\-/
,
- ,^
.
__
..
.
_I
•
J«
_ X- —
1 1 Pr
profiles
(hachure
marks
indicate
ciitts)
(b) Beach profiles, Peard Bay vicinity.

li y u n -

#

L

150

These few profiles present an incomplete picture of
changes at Peard Bay and the changes that did occur were
undoubtedly complicated by the runway construction.

The

mouth of Papigak Creek acted as a sediment sink with the
entire beach accreting 10 m seaward (Fig. B-8, profiles
B-l and B-2).

The deposited material was presumably derived

from cliff erosion to the northeast.

At Papigak Cliffs

beach erosion was quite severe, and approximatley 5-10 m
of retreat occurred (Fig. B-8).

This was typical of the

next kilometer (to the west) of beaches fronting the cliffs
(Fig. B-8, profile B-3).

The sole remaining profile to

the west showed seaward accretion (Fig. B-8, profile B-4),
suggesting that between B-3 and B-4 the beaches changed
from a sediment source to a sediment sink.
The mean shoreline orientation undergoes a change of
30° (79°T to 109°T) from the main study site to the tip
of Peard Bay spit.

Under waves approaching from the north,

this change in shoreline orientation would decrease long
shore sediment transport rates to the west and would explain
the change of the system from a sediment source to a sedi
ment sink.

APPENDIX C
OFFSHORE BARS AT PEARD BAY
Summary
The extensive offshore bar system located along the
Chukchi Sea coast at Peard Bay is mapped from 13 offshore
bathymetric profiles.

Results indicate that bars are con

tinuous for over 15 km alongshore.

At least seven bars

exist offshore from the distal end of Peard Bay spit, and
the seawardmost bar is more than 1 km from the shoreline.
The number of offshore bars gradually decreases to the east
because of bar attachment to the shore.

Normalized bar

distances from shore indicate that bars might be generated
by standing waves (Short, 1975); however, bar attachment
points suggest that bars are also an integral part of the
longshore drift system.
Methods
Offshore bathymetric profiles were measured perpendicu
lar to the shore at 1-km intervals (Fig. C-l).
procedure is illustrated in Figure C-2.

The survey

A Wild self-level-

ing level with horizontal circle (model NAK2) was used for
turning angles at the sighting station, and a Raytheon
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F13

F12

TOWER

Km

Figure C-l. Map of nearshore bars from Papigak Creek to Peard Bay spit.
identify bars in Figure C-3.

The numbers

RIGHT ANGLE

SIGHTING ANGLE

Figure C-2.

Schematic diagram of the boat position fixing procedure.
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fathometer depth recorder (model DE-731; quoted accuracy
+1%) was used in the boat.

The level operator called out

the sighting angles over a two-way radio as the boat pro
ceeded offshore, and these were noted on the depth-sounder
trace.
Accuracy of Measurements
Three sources of error exist in fixing boat position.
These are (1) error in the distance measurement between
the range line and sighting station, (2) error in sighting
angle measurement, and (3) error introduced by straying
from the range line.

Errors due to depth sounder inaccuracy

are considered small in comparison to the effect of posi
tional errors and consequently are neglected.
Distance between the range line and sighting station
is measured with a level and stadia rod.
mated measurement error is +2 m.

The maximum esti

A maximum sighting angle

error of +0.03° (2 minutes) is assumed.

The amount of error

due to straying from the range line is uncertain, but prob
ably did not exceed +1.5°.

The combined effects could cause

an uncertainty in estimating the boat's position offshore
of +15 m (3%) at 500 m and +55 m (7%) at 1 km from the
shore.
Results
In plan form (Fig. C-l) bars trend roughly parallel
to the coast and are continuous over long distances (approxi
mately 15 km).

Individual bars are designated by a number
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on both the profiles and map for identification.

Because

of their slightly oblique orientation, four bars attach
to the beach at their updrift ends, a feature typical of
nearly all the bars between Peard Bay and Barrow.

The bars

extend 3-5 km beyond the end of Peard Bay spit, bending
slightly landward and coalescing to form a large shoal.
The rectified bar profiles (corrected for variations
in boat speed) are shown in Figure C-3.
form, bar crests are very distinct.

In cross-sectional

Some assymmetry is

apparent; it is more pronounced on the seawardmost bars,
suggesting landward oriented movement.
prisingly free of ice gouge features.

Profiles are sur
Exceptions occur

on profile F-6, where a possible ice gouge occurs in the
trough between the second and third bars (Fig. C-3), and
profile F-3, where minor ice push occurs on the seaward
flank of the third bar.
Bar crest distances from shore are listed in Table
C-l.

These distances are normalized for mean bottom slope,

3 (see Short, 1975).

If a standing wave mode of bar forma

tion is assumed (Suhayda, 1974; Short, 1975), then norma
lized bar crest distances from shore correspond to infragravity wave frequencies (Short, 1975, Fig. 3).

The cor

responding wave frequencies (Table C-2) range from 0.35
to 0.94 cycles per minute (cpm).

The cause of the apparent

spatial variation in wave frequencies is uncertain.

In

the on-offshore direction, the second and third bars gener
ally correspond to higher standing wave frequencies than
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Bathymetric profiles of offshore bars (see Fig.

C-1 for locations).
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Table C-l
OFFSHORE BAR PARAMETERS
Linear Distance Offshore

Normalized Distance Offshore
(m x 103)1

(m)

Profile

a2

b

c

F 1
F 2
F 3
F 4
F 5
F 6
F 7
F 8
F 9
F 10
F 11
F 12
F 13

70
100
40
150
80
70
130
50
50
130
100
50
85

110
250
90
210
110
140
260
190
200
310
250
170
280

280
310
210
650
410
170
430
340
360

Bar
d
e

Bar
f

9

310 630 1070 1280
710 1000 1300
360 620 820

560

-: 3
0.29
0.29
0.33
0.32
0.40
0.37
0.43
0.41
0.55
0.43
0.65
0.73
0.58

tan 3
0.005
0.005
0.0057
0.0056
0.0070
0.0065
0.0075
0.0071
0.0093
0.0074
0.011
0.013
0.010

^/tan B
2"a" corresponds to the bar nearest the shore,

b

a
14.0
20.0
7.0
27.0
11.0
11.0
17.0
7.0
5.4
18.0
9.1
3.8
8.5
12

c

d

22 56 62
50 62 142
16 37 63
38 116
16 59
22 26
35 57
27 49
22 39
42
23
13
28
27 56 145

e

f

g

126 214 256
200 260
109 144

206 256

to the next closest bar, etc.

un

Table C-2
INFRAGRAVITY WAVE FREQUENCY (cpm)
Bar Position from Shore
Profile
F
F
F
F
F
F
F
F
F
F
F
F
F

1
2
3
4
5
6
7
8
9
10
11
12
13

a

b

c

d

e

0.49
0.40
0.68
0.35
0.53
0.54
0.43
0.74
0.80
0.42
0.58
0.90
0.63

0.70
0.46
0.82
0.55
0.82
0.70
0.57
0.62
0.70
0.52
0.68
0.94
0.62

0.65
0.62
0.78
0.44
0.62
0.92
0.64
0.68
0.77

0.80
0.48
0.80

0.64

1

-

-

0.74

f
_
-

0.70

-

—

-

—

—

-

—

—

-

—

—

-

—

—

—

—

—

—

-

-

-

-

—

—

-

-

-

-

-

—

-

—

—
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either the innermost or outer bars.

Alongshore variation

in wave frequency (Table C-2) shows a close relationship
to bar attachments.

Profiles directly downdrift of major

bar attachment points show corresponding high wave frequen
cies.
The rather narrow range of wave frequencies (0.35 to
0.94 cpm) estimated from observed bar positions suggests
that standing waves influence bar spacing.

However, spatial

variation in estimated wave frequencies and the presence
of bar attachment points indicates other processes are impor
tant in bar formation.

The attachment points strongly sug

gest that bars are an intimate part of the longshore trans
port system.

APPENDIX D
STREAM AND SLOPE RUNOFF PROCESS
Summary
Discharge and suspended sediment concentrations are
estimated for three intermittent Arctic streams in the Peard
Bay area.

These streams, comprising a 45-km 2 drainage area,

6 3
discharge 3.9 x 10 m of runoff, which carries nearly 432
metric tons of sediment per year.

This value corresponds

3
'
3
to 332 m of eroded sediment (0.16 m /m shoreline), assuming
3
a mean bulk density for the Gubik of 1.3 g/cm .
Direct surface wash from the cliff face was monitored
at two sites. Deposited volumes varied between 25 and 75
3
3
m and corresponded to 0.42 and 1.4 m of sediment per meter
of shoreline, respectively.

When averaged over the surface

area of the cliff face, up to 10 cm/yr of shoreline retreat
could be accounted for by surface wash.
Stream Runoff
Volumetric stream discharge and sediment discharge
were measured at three intermittent streams (Fig. 13)in
order to compare the relative contribution of stream runoff
to the total sediment budget.
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Stream cross-sectional area and current velocity were
measured daily (at the same time of day) and suspended
sediment samples were collected every other day at Papigak,
Antler, and Upthe Creeks.

Velocities were measured with

a General Oceanics Flowmeter (Model 2031, +3% quoted ac
curacy).

As discharge of small arctic streams is strongly

diurnal (McCann and Cogley, 1972), bihourly observations
over a 30-hour period were made at two streams so that
measured discharges could be adjusted to reflect mean dis
charge.

That is, a sine curve was fit to the bihourly

observations, and from this fit a correction factor was
found (computed as a function of time of day).

Based on

this correction, daily discharges were computed (Fig. D1).

Suspended sediment concentrations were determined by

standard filtering techniques (Eaton et al., 1969), and
suspended load concentrations were converted to daily sedi
ment discharge rates (Fig. D-l).
Time series of discharge (Fig. D-l) show the charac
teristic short, high-intensity flood.

Initiation of runoff

coincides with a strong pulse of net radiation and the onset
of above-zero air temperatures.

Measurements show that

after 1 July nearly all runoff had stopped.

Total discharge

estimates during the 25-day runoff period range from 3.8
x 106 to 1.6 x 104 m3 (Table D-l).
Sediment discharge estimates (Table D-l) are to be
treated with caution because their computation involves
a great number of approximations.

Also, bed load contri-
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Figure D-1. Runoff discharge and sediment dis
charge from three intermittent streams in the
Peard Bay area.

Table D-1
STREAM RUNOFF

Creek
Papigak
Upthe
Antler
Totals

Drainge
Area
(km2)

Runoff
Discharge
(m ^

Sediment
Discharge
(kg)

Days
of
Record

44.0
0.5
0.1

3,807,734
65,385
15,633

340,232
5,538
86,383

27
45
48

44.6

3,888,752

432,153

164

butions are neglected.

However, they are a useful indi

cation of the order of magnitude of the fluvial contribution
to the nearshore sediment budget.

The three streams, com-

prising a 45-km 2 drainage area, add more than 432 metric
tons of sediment to the nearshore system.

This corresponds

3
to 332 m of eroded sediment assuming that the mean bulk
density (dry) of the Gubik is 1.3 g/cm

_3

(Table E-3, probes

4, 5, 6).
Surface Wash
Volumetric estimates of surface wash from the cliff
face were made at two locations, the main study site, where
surface wash was light, and an area of heavy runoff 100 m
to the west of the main site.

These two sites were believed

to be typical extremes of surface wash occurring along the
Chukchi coast between Barrow and Peard Bay.
The coarse gravel of the beach and the fine nature
of the runoff allowed the surface wash deposits to be easily
mapped (Fig. D-2).

The thickness of the deposits was mea

sured by probing to the coarse beach material.

Only surface

wash between the cliff toe and the waterline was included
in these estimates, which are likely to be somewhat con
servative because some material may have reached the waterline and other sediment was lost to the interstitial pore
space of the beach gravels.
As mentioned above, the deposits could easily be mapped
with a tape and probe; however, the highly variable spatial
distribution, especially in thickness, no doubt introduces
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error when the overall averages are computed.

For this

reason, the accuracy of the measurements is uncertain and
estimates may vary as much as +10% from true values.
The volume of surface wash deposits at each site is
listed in Table D-2.

Volumetric erosion per meter length

of shoreline is computed, as is volumetric erosion per
square meter of cliff face.

A planar face is assumed for

determining the area of the alternate cliff face; however,
calculations for the main study site indicate that this
approximation is valid.

The surface area estimated by the

' m3 ob
planar approximation is 1,603 m3 compared to 1,516
tained by integration of contours and profiles.
The denudation.rate is the amount of downwearing (mea
sured perpendicular to the face) due to surface wash during
one melt season.

These values probably overestimate true

retreat because no bulk density corrections have been made.
That is, bulk densities of deposited sediment are less than
those of the eroded material; so some correction factor
is necessary to convert volume of deposited material to
volume of eroded material.
In order to compare these slope wash estimates with
other periglacial region measurements, a "guesstimate" of
deposited bulk densities was made (Table D-2), and mass
erosion rates were computed.

These are included only to

illustrate the point that slope wash on these high-angle,
unvegetated slopes is several orders of magnitude greater
than wash measured on low-angle, vegetated slopes (Jahn,

Table D-2
VOLUMETRIC SURFACE WASH ESTIMATES

Mean cliff height (m)
Mean slope angle (°)
Shoreline length (m)
Cliff face area (m2)
Volume of deposits (m3)
Volume per unit
shoreline (m3/m)
Volume per unit area
of cliff face (m3/m)
Mass per unit area
of cliff face (g/m2)
Denudation rate (m/yr)
Cliff retreat rate due
to surface wash
(m/yr)

Papigak Cliff

Alternate
Runoff Site

14.7
37
60
1,516
24.9

13.2
46
55
1,042*
76.7

0.42

1.4

0.016

0.074

11,200
0.016

51,800**
0.074

0.028

*Assuming planar cliff face
**Deposited bulk density = 0.7 g/m

0.10

1961; Lewkowicz, 1978).

APPENDIX E
GEOLOGICAL AND GEOTECHNICAL OBSERVATIONS
Summary
Appendix E includes measurements of local stratigraphy,
sediment texture, Atterberg limits, and miscellaneous soil
properties of cliff sediments at the main study site.
Lower cliff sediments are comprised of a greasy, gray,
clayey silt (Skull Cliff Unit) that has high cohesional
strength.

Above the Skull Cliff Unit lie interbedded gra

velly sands and silts (Barrow Unit).

Measurements made

prior to thaw indicate that moisture contents of this unit
were very close to the plastic limit.

Runoff from melting

snow provides enough moisture so that the liquid limits
are locally exceeded.

A very fine sand layer (eolian)

overlies the interbedded silts and sands.

The lack of silt

or clay in this unit results in very low cohesional
strengths, and upon thawing and drying the sands are easily
erodible.

Capping the entire sequence is a 1-m tundra soil

horizon in which moisture and organic contents are high.
Stratigraphy
Stratigraphic sections were measured in the main study
area, Papigak Cliffs, in order to determine the influence
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Figure E-l. Geological section at main study site in relation to profile
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o

171

of lithology on cliff form and processes (Fig. E-l).
A consolidated, cross-bedded, red sandstone bed of
Cretaceous age (Black, 1964) outcrops near the base of the
cliff in most of the area; however, at the main study site
it lies just below the cliff-beach intersection.
Directly above this lies the greasy, gray, clay-silt
Skull Cliff Unit of the Gubik Formation (Black, 1964).
At the main study site this comprises the lower 3.5 m of
the cliff face.

The high cohesive strength of this bed

results in vertical marine scarps being relatively common.
The Barrow Unit that overlies the Skull Cliff Unit
is described by Black (1964) as a poorly sorted clay, silt,
sand, gravel, generally marine at the base but also contains
fluvial and lacustrine deposits.

At the main study site,

this unit is comprised of at least 8 m of poorly sorted
medium to coarse grained sand containing well-rounded peasized gravel.

These sands are interbedded with fine-grained

silt and clay beds containing abundant shell hash.
Above this Barrow Unit lies a 2-m-thick (locally 8
m thick) fine, yellow sand.

The oxidized nature, lack of

primary structures, and sediment texture suggest an eolian
origin.

But scanning electron microscope studies of grain

texture suggest a shallow-water marine origin (W. Lanier,
personal communication), and the depositional environment
of this unit is uncertain at this time.

In terms of cliff

morphology, the unit is important because upon thawing the
sand has little cohesional strength and is easily eroded
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by melt water or wind.

Capping the section is a 0.5- to

1.0-m tundra soil horizon.
Sediment Size Analysis
Sediment samples taken from the main study site (Fig.
E-l) were analyzed for size distributions.

Sample pretreat-

ment included washing with a 30% hydrogen peroxide solution
to determine organic content (Table E-l).

Standard sieving

techniques (Folk, 1968) were used for the gravel-sand frac
tions and a Coulter particle counter (Model Ta II) was used
for the fine fractions (<62.5y).

Although the distribution

from the sieving is expressed in percentage by weight, and
that from the Coulter counter in percentage by volume, the
distributions were matched by assuming that density of the
particle sizes is constant.

The relative size fractions

of gravel, sand, silt, and clay are expressed in Table E1.
Atterberq Limits
Sediment samples from the main study site were analyzed
for liquid limits, plastic limits, and the plasticity index.
These tests were performed in accordance with standard engi
neering procedures (Bowles, 1970).

The Atterberg limits

are listed in Table E-2.
Geotechnical Soil Parameters
Soil moisture contents (ratio of weight of pore water
or ice to weight of dry soil) were determined from frozen
cores taken in mid-May during thermistor rod installation.

1

Table E-l
SEDIMENT CHARACTERISTICS
Organic Gravel
Sand
Mud
Silt
Clay
Sample Content Fraction Fraction Fraction Fraction Fraction
Number
(%)
(%)
(%)
(%)
(%)
(%)
SK 2
Bar 1

11
1

33.1

0.7
63.7

99.3
3.2

89.4
2.7

9.9
0.4

Bar 2

1

26.3

67.6

6.1

5.3

0.8

Bar 3

2

3.6

16.7

79.6

72.2

7.4

Bar 4

3

—

20.0

80.0

73.2

6.8

Bar 5

1

0.5

85.2

14.2

12.8

1.4

Bar
Bar
Bar
Bar

—

9
59
19
3

0.2

73.9

25.8

22.9

2.9

R 1

—

0.8

60.4

38.8

36.4

2.4

R 2

—

5.5

37.6

56.9

—

R 3

—

0.9

39.2

59.9

—

6
7
8
9

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Folk
Classi
fication

FAA
Classi
fication

Silt
Sandy
gravel
Gravelly
sand
Gravelly
sand
Sandy
silt
Muddy
sand

Silt
Gravelly
sand
Gravelly
sand
Sandy
silt
Sandy
silt
Sand
sand

Muddy
sand
Muddy
sand
Gravelly
mud
Muddy
sand

Silty
sand
Silty
sand
Sandy
silt
Sandy
silt

-

H
CJ

-j

Table E-2
ATTERBERG LIMITS
Sample
Number
P 2-4
P 1-5
SK 1
Bar 3
Bar 4
NOTE:

Liquid
Limit

Plastic
Limit

Plasticity
Index

23.0
29.5
50.8
26.5
32.2

18.7
21.8
25.9
25.3
25.2

4.3
7.7
24.9
1.2
7.5

See Figure E-1 for sample location.

The moisture contents reported in Table E-3 are averages
from several core segments taken within 1 m of the surface.
Void ratios were estimated by knowing the volume of
the core segment and its weight.

Because the core segments

were often broken irregularly at the ends, some uncertainty
existed in determining true core lengths and consequently
true volumes.

An "eyeball" estimate was used to smooth

irregularities, and this estimate may have varied as much
as +1 cm from the true segment length.

In the worst case

(the smallest sample) this resulted in an error of +25%
in bulk densities, of +50% in the saturation ratios, and
of +50% in the void ratio.

However, for the average-sized

sample, errors were reduced to

1% for density estimates

and to about 10% for saturation and void ratio estimates.
Further evidence for the reliability of these estimates
was provided by the general consistency of the data.

Where

vertical changes in the soil properties occurred, they
were usually gradual, suggesting that variations are re
flections of true changes rather than random error.

Bulk

densities, void ratios, and degree of saturation are listed
in Table E-3.
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Table E-3
SOIL PROPERTIES, PAPIGAK CLIFFS
Bulk Density
Thermistor
Rod
Number
1
2
3
4
5
6

Ice
Content

Dry

(%)

37
76
200
24
26
24

1.2
1.0
0.3
1.3
1.3
1.4

Wet
(g/cm3)
1.6
1.5
1.0
1.6
1.6
1.7

Void
Ratio

Degree
Saturation
(%)

1.4
2.7
7.3
1.1
1.2
1.0

114
129
218
93
103
111

APPENDIX F
GROUND TEMPERATURES AND THAW DEPTHS
Summary
Numerous measurements of ground temperature and depth
of thaw were made at Peard Bay during the 1976 and 1977
field seasons.

Rapid thaw was most closely associated with

peaks in net solar radiation (and periods of low cloud
cover) rather than with mean air temperatures.

On the

tundra, greater thaw depths occurred at stations near the
shore, although the cause of this is uncertain.

On the

unvegetated cliff face, the thickness of the thaw layer
exceeded 0.5 m.

Beaches showed greatest depths of thaw

(>2 m), and calculations have indicated that salt migration
in interstitial pore waters may be important (Owens and
Harper, 1977; Harper et al. , 1978).
Instrumentation
Nine thermistor rods were installed in the Peard Bay
area in order to monitor ground temperatures.

Rods were

constructed of PVC plastic pipe with thermistors (YSI ther
mistor #44003; quoted accuracy +0.2°C) embedded in the pipe
wall at predetermined depths. Rods were installed in the
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ground during the second and third weeks of May (prior to
thaw), and eight rods were monitored daily thereafter. The
ninth rod was installed at the heat budget site, where four
readings per day were made.
These thermal measurements were supplemented by probing
to the ice-bonded surface throughout the summer.

Thaw

depths (to +1 cm) were measured at selected sites with NARL
permafrost probes in 1976.

During the short 1977 field

program a specially designed probe with a thermistor at
the tip was used to estimate the temperature of the bondedunbonded interface.

A tacit assumption of this technique

is that the sediments are saturated (i.e., not dry perma
frost).

The orderly progression of thaw at all of the

probing sites indicated that this assumption was valid.
Accuracy
Linear interpolation between thermistors and extrapo
lation is used to estimate the position of the zero-degree
isotherm (i.e., the frost table; Mackay, 1977).

There are

several possible sources of error in this estimate. Firstly,
when ground temperatures are rapidly changing, linear tem
perature gradients are the exception rather than the rule.
Secondly, there is an inherent uncertainty in the estimate
due to thermistor error (+0.2°C), especially when tempera
ture differences between thermistors are small.

These

problems are readily apparent in time series plots of the
zero-degree isotherm (see Fig.

F-2).

However, there is

a general consistency in the estimated thaw depths, and,
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because of the number of data points, 5-day averages in
the depth of thaw should be accurate within +2.5 cm except
during the last 5 days of record where wide departures from
the linear approximation are apparent.
Salinities at the bonded-unbonded interface may be
calculated from the depressed freezing point of water (Neu
mann and Pierson, 1966, eq. 3.10).

These estimates of

salinity are also subject to error because of thermistor
inaccuracy.

Calibration of the thermistor probes indicate

accuracy of +0.1°C for the thermistors, which results in
an error band of +4

°/oo

for the salinity estimates.
Results

Time series of ground temperatures and zero-degree
depths are shown in Figures F-l and F-2, respectively.
Major features of the plots are (1) the initial rapid period
of thaw between Julian days J150 and J160, (2) a second
period of relatively rapid thaw between J195 and J205 (rods
00, 01, 02, 03, 04, 05), and (3) anomalous cooling of the
surface layers between J220 and J225.

The first event is

associated with initial snow melt, a sharp decrease in
albedos (Fig. G-5) and a corresponding large pulse of net
radiation (Fig. G-6).

The second rapid thaw event is also

related to a low cloud cover period with corresponding high
net radiation values.

Cool air temperatures and the pres

ence of fog cause the third event.

The high heat capacity

of the air mass allows significant heat losses from the
ground and results in surface temperature inversions.

The
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Figure F-2a. Zero-degree depths (i.e., the thaw depth) at rods
0-4. Rod 0 was located at the heat budget site (Fig. 11), and
rods 1-4 were located at Papigak Cliff (Fig. F-3).

Figure F-2b. Zero-degree depths (i.e., the thaw depth)
at thermistor rods 5-8. Rods 5-7 were located at Papigak
Cliff (Fig. F-3) and rod 8 was located on frost table
profile F2 (Fig. F-5a). Because of salinity effects, the
zero-degree depth and thaw depth are not necessarily
the same at rods 7 and 8, located on the beach.
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large spike in the thermistor records at J246 is caused
by heavy rain (8.3 mm) carrying heat into the thaw layer.
Significant spatial variation also exists in the ther
mistor records.

Ten-day averages of thaw depths at each

thermistor rod are listed in Table F-l.

Rods 0, 1, and

2 are all located on undisturbed tundra surface, yet rods
1 and 2, at Papigak Cliffs, have 30% greater thaw depths.
It is interesting to note that the depth of thaw at all
three probes was similar until J190-J200, at which point
the depths became significantly different.

Causes of this

disparity might be dissimilar soil conductivities or micro
climate effects of open water (breakup occurred at J200).
Significantly greater thaw depths are realized on the unvegetated cliff slopes despite their northern aspect.
Exception to this trend is evident at thermistor rod 5,
where peaty material, sloughed down from the soil horizon
above, accumulated on a small terrace and provided anomalous
insulation.

Depths of thaw are greatest on the beach (>118

cm), as would be expected.

Maximum thaw depths at Papigak

Cliff during the 1976 field season (as determined from
thermistor rods) and 1977 season (as determined by probing
on 27 September) are shown in Figure F-3.
Thaw depths, which were also measured periodically
across several beach profiles (Fig. F-4) during the 1976
field season, are also considered.

These profiles are

included in Figure F-5, and a complete discussion of results
is included in Owens and Harper (1977).

Table F-l
THAW DEPTHS (cm) AT PEARD BAY
Thermistor Rod
Julian
Day
130
140
150
160
170
180
190
200
210
220
230
240
250
Active
Layer
Thickness

0

1

2

3

4

0
0
0
7
12
13
14
16
27
30
27
30
30

0
0
0
10
14
15
18
27
33
38
35
39
35

0
0
0
10
13
14
18
32
38
39
37
38
38

0
0
9
15
20
38
43
49
64
75
65
74
63

0
0
4
26
28
40
40
46
61
74
81
76
70

30

39

39

75

81

5

20
21
31
31
35
47
57
62
58
54

0
0
0
11
12
13
21
31
37
41
35
40
41

62

41

3 *

6

7

8
0
0
10
30
43
50
53
61
69
72
71
75
75

75

10
11
11
19
27
33
36
31
35
36

0
0
0
13
25
40
48
62
68
69
70
74
67

11
22
35
42
55
60
61
62
65
59

0
0
0
23
33
48
60
84
106
118
118+
118+
118+

36

74

65

118+

*

A

Vitalized figures have been corrected for local slope angle in order to reflect
the true thickness of the thaw layer.

August 76 Profile
Permafrost table, Fall 1976
Permafrost table, Fall 1977

MV/L

September 77 Profile
Horizontal distance (m)

Figure F-3. Approximate active layer depths on Papigak Cliff (profile P3). Note that
the permafrost table outcrops at the cliff base in 1977, indicating recent basal erosion.
Thermistor rod locations are also shown (thermistor rod 0 was actually located 1.5 km
inland at the heat budget site but is included for comparative purposes).
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Appendix G
METEOROLOGICAL DATA AND HEAT BUDGET ANALYSIS
Summary
Miscellaneous meteorological data and a heat budget
analysis are presented for the 1976 Peard Bay summer.

The

data indicate that Peard Bay has a milder microclimate than
Barrow, which is usually used as the type locality of the
North Slope.

Monthly mean temperatures during the 1976

summer and also during 1958 to 1963 summers, when the DEWline was in operation, are consistently greater than those
at Barrow.

Significantly less cloud cover at Peard Bay

results in higher inputs of shortwave and net solar radia
tion.
A heat budget evaluation for Peard Bay also suggests
that the magnitude and temporal variability of heat fluxes
are different from that at Barrow.

Less cloud cover causes

greater amounts of net radiation to be received at the
tundra surface, especially during July and August, and
results in relatively high ground heat fluxes during those
months.

Sensible heat fluxes from the ground to the at

mosphere are relatively low at Peard Bay (often negative)
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as compared to Barrow.

The deficiency of positive sensible

heat fluxes at Peard Bay is compensated by a large portion
of the net radiation being used for evapotranspiration.
The cooler and more humid microclimate at Barrow probably
results from its unique location and the relatively large
effect of surrounding water bodies.
Meteorological data
Temperature Measurements
Air temperatures were measured throughout the summer
on a recording thermograph (Bendix, 176-hour thermograph).
The recorder was located under the DEW-line structure,
completely shielded-from the sun.

The instrument was cali

brated with mercury thermometers during the first week of
operations and rechecked periodically during the summer.
No recalibrations were necessary after the initial adjust
ment.

The time series plot of daily mean temperature is

shown in Figure G-l.

Monthly means of temperature for both

1976 and 1958-1963 (the period of DEW-line operation) are
listed in Table G-l.

Barrow data are included for compara

tive purposes.
Barometric Pressure
Barometric pressure was recorded throughout the summer
on a recording microbarograph (Weather Measure, model B211).
The instrument was initially calibrated with the mercury
barometer at the NARL animal compound.

No further cali

bration was performed, and the pressure values are not
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Table G-l
METEOROLOGICAL DATA FOR BARROW AND PEARD BAY
May

June

July

Aug

Sept

Peard Bay, 1976
Peard Bay, 1958-63
Barrow, 1931-60*
Barrow, 1976

Temperature ( C)
-7.2
2.4
6.7
-3.8
3.2
5.6
-7.5
0.6
3.9
8.2
0.8
3.6

6.0
5.6
3.2
3.1

3.0
-0.8
0.1

Peard Bay, 1976
Barrow, 1931-60*
Barrow, 1976

92
73
85

Cloud Cover
73
82
85

—

< % >

57
83
70

66
91
80

73
91
95

—

o

n
i

•

Shortwave Radiation (kJ/cm^ day)
Peard Bay, 1976
2.4
2.2
1.6
2.1
Barrow, 1962-66*
2.2
2.4
1.0
1.8
o

Net Radiation (kJ/cm day)
Peard Bay, 1976
-0.5
1.5
1.1
1.4
Barrow, 1962-66*
-0.5
0.9
0.7
1.1
Soil Heat Flux (kJ/cm^ day)
Peard Bay, 1976
0.04
0.09
0.18
0.17
Barrow, 1957-58**
0.03
0.12
0.09
0-07

—
—

0.06
-0.02

NOTE: Daily averages are summarized by month.
*Maykut and Church, 1973
**Mather and Thornthwaite, 1958
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corrected for temperature changes.

A time series plot is

shown in Figure G-2.
Cloud Cover
Cloud cover was visually estimated to the nearest 10%
four times per day (at 0800, 1300, 1800, and 2400 local
time).

The time series of daily mean cloud cover is illus

trated in Figure G-3, and monthly means are summarized in
Table G-l.
Shortwave Radiation
Shortwave global radiation was measured with a portable
International Light Research Radiometer (model IL700) four
times per day at six stations, which were located at the
heat budget site (Fig.13).

The sensor was calibrated a

against an Eppley Pyranometer after the field project and
a correction factor was applied.
A sine curve was best fit to the four data points,
assuming a maximum occurred at solar noon and a minimum
at solar midnight.

Using the mean value of the best fit

curve, total incoming shortwave radiation was estimated
for each day.

A time series of daily means is plotted in

Figure G-4, and monthly summaries are included in Table
G-l.
Albedo
Ground surface albedos was measured at six locations
on high-centered tundra polygons (three crests and three
troughs).

A portable global shortwave radiometer (see
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Shortwave Radiation Section) measured incoming and reflected
global radiation at each site.

The albedo was computed

as the ratio of reflected to incoming radiation.

Time

series of mean daily crest and trough albedos are presented
in Figure G-5, and monthly means are summarized in Table
G-2.
Net Radiation
Net radiation was measured at two stations at the heat
budget site (Fig. 13), one over a high-centered polygon
crest and the other over an ice wedge trough.

Radiation

was recorded with Thornttjwaite Miniature Net Radiometers
(model 602-2R).

The electronics of the system were cali

brated to factory specifications; however, no sensor cali
bration was performed.

Sensors were installed 30 cm above

the tundra surface.
Time series plots are shown in Figures G-6a and G-6b,
and monthly summaries are listed in Tables G-l and G-2.
Soil Heat Flux
A Thornthwaite Soil Heat Flux Meter (model 310C-DC)
measured soil heat flux at the heat budget site.
bration of the instrument was performed.

No cali

The sensor was

moved periodically during the melt season in order to keep
the sensor approximately 1-2 cm below the snow surface.
After snow melt, the sensor was buried 2 cm below the soil
surface.

A soil heat flux time series is given in Figure

G-7, and monthly summaries are included in Table G-l.
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Table G-2
TOPOGRAPHIC EFFECTS ON NET RADIATION AND ALBEDO
May
C

T

June
M

C

T

July
M

Aug

C

T

M

C

T

M

24
—

23
—

24
18

22
—

22
—

22
25

Albedo (%)
Peard Bay, 1976
Barrow, 1966*

77 84 80
-- — 86

21
—

27
~

24
43

Net Radiation (kJ/cm 2 day)
Peard Bay, 1976
Barrow, 1962-66**
NOTE:

2.7 0.4 0.5 1.6
— — -0.5 —

1.4
—

1.5
0.9

1.6
—

1.2
—

Daily means are summarized by months.
C indicates polygon crest.
T indicates polygon trough.
M indicates mean of trough and crest readings.
*Weaver (1970).
** Maykut and Church (1973).
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Heat Budget
A heat budget study was conducted during the 1976 field
season in order to compartmentalize heat exchange components
and to assess their relative effects on geomorphic pro
cesses.
The main components of heat flux are the sensible heat
flux, QH, the latent heat flux, QE, and the soil heat flux,

QQ'

The net change in heat is equal to the net radiation

at the tundra surface, or
=

QH +

°E

+

°G •

(G"1)

Net radiation and soil heat flux are measured directly;
however, sensible and latent heat fluxes are estimated
indirectly by the /aerodynamic method (Sellers, 1965, p.
144).

Basic assumptions are aerodynamic method that (1)

eddy diffusivity (of heat and water vapor) may be mathe
matically modeled in a similar manner to molecular diffu
sivity, (2) wind speed increases logarithmically with
height, and (3) diffusion coefficients of water, heat, and
momentum are the same.

The first two assumptions are well

tested and in common use (Sellers, 1965; Munn, 1966).

The

validity of the third assumption is questionable, as Rosen
berg (1974, p. 109) notes that the ratio of the heat diffu
sion coefficient to the momentum diffusion coefficient
varies between 0.3 and 2.9 with the higher ratios corres
ponding to unstable conditions.
given as

Vertical heat fluxes are
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QH = C p Cp UA2 (AT/Au)

(G-2)

Qe = C p L UA2 (Aq/Au)

(G-3)

and

where C is a correction factor for stability
p is the density of air
Cp is the specific heat capacity of air
L is the latent heat of vaporization
UA is the shear velocity
T is the temperature
q is the specific humidity
U is the wind speed
The correction factor, C, reflects the variation in diffu
sion coefficient ratios and is computed as a function of
the atmospheric Richardson number (Pruitt et al., 1971).
Sensible and latent heat fluxes may then be calculated
from eqs. G-2 and G-3 by knowing the vertical gradients
of temperature (AT/AZ), humidity (Aq/AZ), and wind speed
(Au/AZ or U*).

Temperature and humidity gradients are

measured with a wet bulb-dry bulb sling psychrometer and
shear velocity is measured with a multi-level wind profile
system (Harper and Wiseman, 1977).
Accuracy
Because no calibration of the net radiation or soil
heat flux meters was performed, the error band associated
with these measurements is uncertain.

Thermometers on the
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sling psychrometer have been calibrated against an elec
tronic thermometer and are correct to within +0.1°C.

The

uncertainty in the temperature measurements introduces error
into the sensible heat fluxes as a function of wind and
temperature gradients (eqs. G-2, G-3).
is included in Table G-3.

This error band

This band represents the worst

possible case for one individual observation, and as the
number of observations increases, the width of the error
band actually tends to zero.
Calculations of the latent heat fluxes by the aero
dynamic method are several orders of magnitude higher than
expected.

The discrepancy is apparently a result of the

psychrometer1s inability to accurateely measure humidity
at low temperatures (Marvin, 1941).

Because of this, latent

heat fluxes are computed as residuals from eq. G-l, and
if

Qm

and

are assumed to be without error, then the error

bands for QH also apply to QE>
Results
The weekly means of the heat fluxes are listed in Table
G-3.

A major feature of the results is the considerable

variability (Fig. 26); however, important general trends
are shown in Figure 27.

The net solar radiation shows a

rapid increase in June, corresponding to the decrease in
snow cover, the occurrence of summer solstice, and the
relatively low cloud cover (73%), and is followed by a
gradual decline in July and August.

Initially, most of

the energy is used to melt and evaporate snow (i.e., high

Table G-3
HEAT BUDGET ANALYSIS
(kJ/cm^/day)
Month
May

Week

QN

Qh

+

°E

+

qg

1
2
3
4

0.4
0.6
0.6

0.20 ±0.25
0.034±0.27
0.042±0.27

0.15
0.52
0.83

0.06
0.05
0.02

June

1
2
3
4

1.6
1.8
1.5
1.2

0.001±0.32
0.19 ±0.27
0.39 ±0.36
0.45 ±0.51

1.6
2.0
1.0
0.6

0.001
0.0
0.14
0.20

July

1
2
3
4

1.3
1.5
1.4
1.6

0.35
0.35
0.36
0.69

±0.65
±0.67
±0.37
±0.34

0.9
1.6
0.8
0.9

0.04
0.24
0.24
0.20

Aug

1
2
3
4

1.2
1.2
1.0
0.8

0.19
0.30
0.24
0.13

±0.36
±0.42
±0.32
±0.30

0.81
0.8
0.6
0.5

0.21
0.12
0.15
0.18

—

—

*Error band (see text).

—

—

Qe),

but during July and August sensible and soil heat

fluxes comprise an increasingly large portion of the energy
balance.
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